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Zeolites are well known for their ordered microporous networks, good hydrothermal stability, 
large surface area, high acidity and selectivity. These excellent properties make zeolites 
extremely useful for petrochemical processes and refining. However, the sole presence of 
microporous channels also restricts the diffusion of reactants and products into and out of the 
microporous networks, especially limiting zeolite applications involving bulky molecules. The 
importance of developing hierarchical zeolites has attracted great attention in recent years due 
to the prospect of increased accessibility for bulky molecules. Introducing additional 
mesoporosity, and even macroporosity, into conventional zeolites produces a combination of 
three different size scales of porosity. It expands the original zeolite hierarchical structure and 
greatly enhances the mass transport of molecules while maintaining the intrinsic size, shape 
and transition state selectivity of zeolite. The promising applications of this new zeolite 
architecture have prompted a multitude of efforts to develop a variety of different synthesis 
strategies. Apart from hierarchical modification, core-shell structure also gives zeolites great 
advantages from both core and shell zeolites, such as ion exchange property for deposition of 
metal particles on inner zeolite, meanwhile a hydrophobic zeolite shell can protect the core 
complex from inhibition by water. The thesis herein focused on the development of zeolites 
with hierarchical and core-shell structures. 
We designed a zeolite stacking structure by using hydraulic pressing and programmed 
temperature calcination synthesis procedures. ZSM-5 type zeolites with particle sizes of 
approximately 100 nm, 1 µm and 2 µm were used to synthesize stacking ZSM-5 with a size 
ranging from 45 to 63 µm. The prepared ZSM-5 zeolite stacking structure was used as a support 
to deposit palladium. The performance of the palladium/stacking ZSM-5 was investigated on 
Sonogashira coupling reactions. Stacking samples with micro-sized units (1 µm and 2 µm) 
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showed a 200-300% higher turnover number (TON) than their unit counterparts. However, 
stacking samples with nano-sized units (100 nm) showed decreased TON conversion compared 
with that of their unit counterparts, probably due to partial destruction of the nano-sized ZSM-
5 structure during the stacking synthesis process at high temperature. The palladium/stacking 
ZSM-5 (micro-sized units) also showed better conversion on different bromides and alkynes 
than that of traditional homogenous catalysts. Moreover, the stacking composites showed good 
durability by recycling 4 runs without losing significant catalytic activity. The design of the 
stacking MFI structure exhibited improved catalytic activity, sustainability and hierarchical-
resemblance properties. 
We also investigated the structure-performance relationships in different zeolite-solvent 
systems that are suitable for microwave-assisted dehydration of fructose to 5-
hydroxymethylfurfural (HMF). Different types of zeolites (MFI, BEA, and Y) were examined 
as acid catalysts. The results showed that the HMF yield is independent of particle size for MFI 
zeolite in water. The secondary porosities improved the HMF yield, while byproducts 
formation (via rehydration or polymerization) was also increased due to the enlarged channels 
in zeolites. All tested zeolites showed higher fructose conversion, HMF yield, and HMF 
selectivity in organic-water solvent systems than in water. The synergistic effect of the 
substrates, catalysts, and solvent-product interactions in the hydrophobic Y zeolite/DMSO 
system yielded the highest fructose conversion (72.4%) and HMF yield (49.2%). This study 
supports the understanding of the requirement for microwave-assisted biomass conversion in 
biorefinery. 
Next, we developed a core-shell zeolite structure comprised of palladium-deposited ZSM-5 
core and silicalite-1 (S-1) shell which favors selectivity towards light olefin in hydrogenation 
via increased diffusion length. A well designed S-1/Pd/ZSM-5 core-shell structure was 
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prepared via secondary crystallization of S-1 layer on the Pd/ZSM-5 core. The catalytic and 
selectivity performance of the S-1/Pd/ZSM-5 composite was evaluated in catalytic 
hydrogenation of alkenes in liquid phase. The synthesized S-1/Pd/ZSM-5 gives a much higher 
selectivity towards 1-hexene (87%) over cyclohexene (13%) even though both reactants are 
able to enter the 10-membered ring channels of the core-shell structure. The zeolitic core-shell 
composite also showed an increased selectivity towards 1-hexene over 1-heptene as the S-1 
layers built up, even though both are linear alkenes with similar kinetic diameters that are 
accessible to the MFI framework. In this work, we demonstrated a strong correlation between 
the thickness of the S-1 shell layer and the selectivity towards light olefins due to faster mass 
transfer rate. The design of the core-shell MFI structure is a new example of how selectivity in 
a zeolite-catalyzed reaction can be changed and enhanced without relying on typical molecular 
size exclusion process. 
Lastly, we synthesized a core-shell zeolite structure comprised of palladium-deposited 
nano-sized ZSM-5 core and silicalite-1 (S-1) shell, which favors ethylene adsorption and shows 
improved humidity tolerance. A well designed S-1/Pd/ZSM-5 core-shell structure was 
prepared via secondary crystallization of S-1 layer on the nano-sized Pd/ZSM-5 core. The 
ethylene removing ability of the S-1/Pd/ZSM-5 in both dry and humid conditions was evaluated 
by pressure drop method. The synthesized S-1/Pd/ZSM-5 gives a much higher ethylene uptake 
up to 290% than plain ZSM-5. The S-1 coated samples also shows strong humidity tolerance 
by only losing 7.6% of the ethylene uptake under 5 h of humidity pre-treatment, while the 
Pd/ZSM-5 lost 20% of ethylene uptake under the same condition. The design of the core-shell 
structure may offer the advantages of long-term economic benefit and sustainability for the 
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1.1 Background of Research 
Zeolites are crystalline aluminosilicates with periodic arrangements of pores or channels within 
the microporous (typically < 2 nm) range. Their unique structures, thermal/mechanical stability, 
superior catalytic activity and shape-selectivity have led to broad applications in chemical and 
petrochemical industries [1]. For example, ion-exchange, adsorption, heterogeneous catalysis, 
molecular sieves and gas membrane separation [2-10]. 
The catalytically active sites in zeolite micropores can be acid sites or redox-active sites. Acid 
sites resulted from the charge balancing of the zeolite framework with protons, which is 
necessary when, for example, Al3+ substitutes Si4+ in the framework. Redox-active sites 
resulted from the charge compensation that is done by ion-exchange with redox active ions 
such as Fe(III), Cu(II), Co(II), or Ag(I) rather than with protons. Additionally, redox-active 
sites can be obtained by incorporating redox-active metal ions, e.g., Ti, V, Mn, Fe, Co, Ga, Sn, 
etc., directly into the zeolite framework by isomorphous substitution of other Si or Al atoms 
[11]. Therefore, zeolite catalysts attract significant attention in many areas of heterogeneous 
catalysis, because they can be tailored to allow careful and systematic studies of various 
structure–activity relationships. Zeolites are of interest in numerous industrial applications, 
where they can be active, selective, durable, and relatively inexpensive catalysts. 
However, the sole presence of micropores imposes significant limitations on the range of 
reactions that can be efficiently catalyzed by zeolite catalysts. Some reactions require reactants 
or products that are too large to access or escape the zeolite micropores. If the zeolite catalyst 
transforms the reactants into the target products at a rate higher than the rate of diffusion of 
reactants, intermediates, and products, then the overall reaction rate is limited by the rate of 
diffusion. Even though several strategies have been pursued to increase the accessibility of the 
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active sites in zeolite catalysts [12-20], novel synthesis technologies for hierarchical zeolites 
with improved catalytic activity, sustainability and economic efficiency are still needed. 
On the other hand, zeolites and zeolitic materials with core-shell structure, which consists of 
an inner guest zeolite particle inside of another different functional zeolite (same/different type), 
have drawn great attention in recent decades [21-25]. Due to the existence of the shell layer, 
core-shell particles can have distinctive property combinations from different materials. For 
example, zeolites and zeolitic materials have been used as support for many metals due to their 
high surface area, ion-exchange ability, and inhibiting agglomeration of the doped metal 
particles. Metal-doped zeolites or zeolitic materials with protective shell of a particular pore 
size can prevent poisoning of the metal particles attached to the core by size exclusion [26]. 
Similarly, the development of functionalized core-shell zeolites with properties such as 
hydrophobicity are also of interest.  
 
1.2 Thesis scope and structure 
Since the hierarchical modification and core-shell functionalization on zeolites have shown 
improved performance than conventional zeolites, the focus of this thesis was on the 
development of core-shell zeolites with different shell thickness and distinctive core size, and 
the new strategies of hierarchical zeolites synthesis. The hierarchical and core-shell zeolites 
were probed on Sonogashira reaction, glucose/fructose conversion, selective hydrogenation, 
and ethylene adsorption. This thesis has been written in seven chapters. The brief description 
of each chapters are listed below: 
Chapter 1: An introduction of this study, including general backgrounds, motivations, and 
overview of the whole thesis were explained in this chapter.  
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Chapter 2: A literature review is presented in this chapter, which provides the readers with the 
foundations and rationale of the proposed research project. The major findings from literature 
thus far were summarized and some key issues in the research work were discussed. 
Chapter 3: This chapter describes the novel synthesis strategy of zeolite stacking structure by 
using hydraulic pressing and programmed temperature calcination synthesis procedures. 
ZSM-5 type zeolites with particle sizes of approximately 0.1 µm, 1 µm and 2 µm were used to 
synthesize stacking ZSM-5 with a size ranging from 45 to 63 µm. The prepared ZSM-5 zeolite 
stacking structure was used as a support to deposit palladium. The performance of the 
palladium/stacking ZSM-5 was investigated on Sonogashira coupling reactions. The design of 
the stacking MFI structure exhibited improved catalytic activity, sustainability and 
hierarchical-resemblance properties. This work was published as “Stacking MFI Zeolite 
Structures for Improved Sonogashira Coupling Reactions” in Microporous and Microporous 
Materials. 
Chapter 4: This study elucidates the role of zeolite-solvent combinations in microwave-assisted, 
catalytic dehydration of biomass-derived fructose to 5-hydroxymethylfurfural (HMF). 
Different types of zeolites (MFI, BEA, and Y) were examined as acid catalysts. Water was first 
tested as the greenest solvent (baseline), followed by dimethyl sulfoxide (DMSO), acetone, 
-valerolactone (GVL), and propylene carbonate (PC)/water (1:1 v/v) binary solvent systems. 
This study differentiated the effects of structure, acidity and water affinity of the zeolite-solvent 
media on the simultaneous pathways of biomass-derived conversion in biorefinery. This work 
was presented at ZMPC2018 as “Tailored Hierarchical ZSM-5 for Fructose Conversion to 
Hydroxymethylfurfural” and the manuscript is ready to submit. 
Chapter 5: We designed a core-shell zeolite structure comprises of palladium-deposited ZSM-
5 core and silicalite-1 (S-1) shell which favors selectivity towards light olefin in hydrogenation 
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via increased diffusion length. A well designed S-1/Pd/ZSM-5 core-shell structure was 
prepared via secondary crystallization of S-1 layer on the Pd/ZSM-5 core. The catalytic and 
selectivity performance of the S-1/Pd/ZSM-5 composite was evaluated in catalytic 
hydrogenation of alkenes in liquid phase. In this work, we demonstrate a strong correlation 
between the thickness of the S-1 shell layer and the selectivity towards light olefins due to 
faster mass transfer rate. The design of the core-shell MFI structure is a new example of how 
selectivity in a zeolite-catalyzed reaction can be changed and enhanced without relying on 
typical molecular size exclusion process. This work was published as “Increasing Resolution 
of Selectivity in Alkene Hydrogenation via Diffusion Length in Core-shell MFI zeolite” in 
Catalysis Today. 
Chapter 6: The core-shell MFI zeolite with a nano-sized ZSM-5 core was synthesized in this 
work. Pd was impregnated over a ZSM-5 core by the ion-exchange method.  The silicalite-1 
shell with different thickness was synthesized by secondary crystallization method. The 
as-prepared core-shell zeolites were characterized via XRD, SEM, TEM, ICP and TGA. The 
performance of the core-shell zeolites as ethylene scavenger was tested by pressure drop 
method. The design of the core-shell zeolites with nano-sized core showed a new way to 
improve ethylene adsorption in a humid environment, due to the combined functions of 
nano-sized core, hydrophobic shell and Pd that well dispersed over ZSM-5 core. The 
manuscript is completed and ready to submit.  
Chapter 7: The key findings of current study are concluded and recommendations for future 
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Zeolites have been applied as catalysts since the 1960s. They are defined as hydrated 
aluminosilicates that consist of three-dimensional networks of SiO4 and AlO4 tetrahedra linked 
together by shared oxygen atoms [1]. The ordered framework gives zeolites high thermal and 
mechanical stability. In addition, the crystalline features cause zeolites to consist of a uniform 
microporous framework (diameter < 2 nm), which provides them with shape selectivity by 
imposing a size-exclusion limit on molecules entering and exiting the zeolite channels [2-5]. 
Because of this unique shape selectivity, zeolites are extensively used throughout numerous 
industries as shape-selective adsorbents and catalysts [6-8]. 
The structural formula of a zeolite crystallographic unit cell is shown in Equation 1. 
                                               Mx/n = [(AlO2)x(SiO2)y]wH2O                                                        (1) 
where M is the cation of valence n, w is the number of water molecules, and the ratio y/x varies 
from 1 to ∞ depending on the structure. Moreover, the sum of y and x is the total number of 
tetrahedra in the unit cell, and the portion within the bracket represents the framework 
composition [9]. This structure results in a microporous crystalline network that can 
accommodate water molecules and facilitate reversible dehydration. The presence of 
aluminium in the zeolite framework can generate negative charges, which can be balanced by 
the small cations of hydroxyl protons, providing weak Lewis or strong Brønsted acid sites, 
respectively, which makes zeolites excellent catalysts and ion exchangers [10]. Moreover, the 
ratio of Lewis and Brønsted acid sites can be tuned by adjusting the Si/Al ratio during the 
synthesis process. Different types of zeolites also contain distinctive weak/strong acids. This 
ion-exchange property and adjustable acidity make them useful in a great range of applications 
in the detergent production, water treatment, oil refining and petrochemical industries [11-15].  
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High surface area is another excellent property of zeolites. Due to their countless microporous 
cavities, zeolites have much higher surface area than similarly sized non-porous particles such 
as Al2O3 or TiO2. This property along with ion-exchange characteristics makes zeolites very 
useful as supports for accommodating metal particles. Many studies have been performed on 
the synthesis methods of doping different metals into the zeolite framework, which are widely 
used for applications such as xylene isomerization, the combustion of toluene and the 
depolymerization of lignin [16-21]. 
In summary, four properties make zeolites especially interesting for heterogeneous catalysis: 
(1) they have a pore size usually below 2 nm, causing them to have good shape selectivity for 
particular molecules; (2) they have ion-exchange properties that allow them to accommodate 
many different cations with various catalytic properties; (3) when the cationic sites are 
exchanged to H+, they can have a high number of weak/strong acid sites; and (4) they contain 
pores with different sizes and directions: for example, ZSM-5 has both sinusoidal and linear 
channels. The first and last properties account for their molecular sieving properties. 
The pore size of molecular sieves is determined mainly by the number of tetrahedra in a ring. 
Table 2.1 shows some common examples of zeolites with their ring sizes. The existence of 
cations also influences the actual pore size. Molecules such as hydrogen, oxygen, ammonia 
and argon can generally pass through every type of zeolite. In a typical type A zeolite, which 
has a cubic structure, the pore diameter is large enough (approximately 0.4 nm) to let linear 
paraffins pass through. Monovalent cations such as sodium and potassium occupy the active 
sites and block part of the pores, so essentially no organic molecules can pass through a NaA 
zeolite except for methane. However, divalent cations will occupy only every other cationic 
position, leaving enough space for linear paraffins to diffuse through. Some molecules with a 
nominal dimension slightly larger than the pore mouth can still diffuse into active sites inside 
the cavities because molecular vibration allows them to wiggle through [22].        
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Table 2.1 Examples of different ring sizes in zeolites. 
No. of T-atoms in ring Maximum free diameter,  Å Examples (IZA code) 
8 3.9 CHA, KFI 
10 5.7 FER, MTT, TON, MFI 
12 7.4 VET, BEA, FAU 
18 15 Not Yet Observed 
 
The microporous framework of zeolite makes them highly selective regarding which molecules 
can react at the active sites inside the cavities. In other words, only molecules whose 
dimensions are smaller than the pore mouth can penetrate into the zeolite network and react 
there. Similarly, only molecules that are smaller than the critical size are possible final products.  
There are three common types of shape selectivity in zeolites, as illustrated in Fig. 2.1: (a) 
reactant shape selectivity, in which reactants that are too large to diffuse into the active sites 
inside the network generate no products; (b) transition state selectivity, in which the transition 
state molecules are restricted by the spatial constraints inside the zeolite channels; while 
reactants can diffuse into the active sites without severe obstacles, the space around the reactive 
sites may be too small to accommodate the transitional molecules; and (c) product shape 
selectivity, in which product molecules are too large to diffuse out from the zeolite framework; 
these bulky molecules that remain inside the zeolite channels can be converted to smaller 
molecules, which may block the pores or even generate coke, deactivating the zeolites [23]. 
Examples of reactant/product shape selectivity include the selective hydrogenation of n-olefins 
over CaA [24] and the Pt-catalysed hydrogenation of olefins over ZSM-5 [25]. In addition, 
examples of transition state shape selectivity include the acid-catalysed transalkylation of 
dialkylbenzenes [26] and isobutane isomerization over HZSM-5 [27, 28]. More than 200 
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zeolites with different configurations have thus far discovered in nature and in man-made forms 
[29]. 
 
Fig. 2.1 Three different types of shape selectivity in zeolites. (a) Reactant shape selectivity: 
molecules that are too large to enter the zeolite pores cannot reach acid sites for reaction and 
are therefore not converted into products. (b) Transition state shape selectivity: molecules (and 
transition states) that are too large to fit inside a pore do not form. (c) Product shape selectivity: 
new molecules are formed in the adsorbed phase but are too large to desorb as products. 
(Adapted from Ref. [23]. Copyright 2008 Springer Nature) 
 
Even though their ordered microporous structure makes zeolites highly useful in shape-
selective catalysis, the presence of micropores alone in zeolites has drawbacks for their further 
application. The molecular dimensions cause them to suffer from significant diffusion 
limitation. In addition, the microporous structure limits the selectivity range of the desired 
products. Moreover, the microporous network makes zeolites very susceptible to coking, 
leading to rapid deactivation and resulting in low accessibility for reactants/products and 
production of undesired by-products by side reactions [30-32]. Therefore, the modification of 
zeolite structure with more efficient mass transfer characteristics, in order to allow molecules 
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to diffuse more easily into the active sites inside channels and out to the surface of the zeolites, 
have been attracting increasing research attention in recent years [33-36]. 
 
2.2 Hierarchical zeolites 
We call zeolites that have at least two levels of pore diameters, i.e., < 2 nm (micropores) and > 
2 nm (meso-/macropores) “hierarchical structure zeolites”. In other words, hierarchical zeolites 
not only have inherent microporosity, but also have mesoporosity or even macroporosity. For 
most cases, however, the secondary porosity lies in the mesoporous range. Hierarchical zeolites 
can generally be obtained by (i) generating intracrystalline mesopores inside the microporous 
zeolite structure or (ii) introducing intercrystalline mesopores into spaces that are intergrown 
by nano-sized zeolite crystals. The synthesis methods play a very important role in different 
levels of hierarchical porosity [37].  
Hierarchical zeolites show improved catalytic performance compared to conventional 
microporous zeolites. This improvement is largely ascribed to the participation of large 
compounds, as the secondary porosity allows them to diffuse into active sites inside channels 
unimpeded. Some general advantages associated with hierarchical zeolites are as follows: 
In general, if the diffusivity of one kind of molecule is at least one or two orders of magnitude 
higher than that of its competing molecules, a preferential and selective reaction involving the 
former molecules will occur in shape-selective catalysts [38-41]. Molecules that are much 
larger than the pore size of the zeolites will be absolutely unable to diffuse into the active sites 
inside conventional zeolites. Molecules with a dimension smaller than the zeolite pore diameter 
will have a faster diffusion rate in larger channels compared to large molecules. It is well-
established that intracrystalline transport is the rate-controlling step for many catalytic process 
using zeolites as catalysts. The diffusion limitation can be greatly decreased by using 
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hierarchical zeolites, as the secondary porosity significantly shortens the length of the 
diffusional pathway, which can be explained by Knudsen diffusion [42, 43]. The overall 
diffusion rate in hierarchical zeolites can be measured by the nuclear magnetic resonance 
(NMR) technique reported by Mehlhorn et al. [44]. 
The hierarchical modification of zeolite is considered to result in less steric hindrance due to 
the introduction of secondary porosities (mesopores and macropores). Thus, the dimensions of 
molecules can be increased to a much larger range as needed for a reaction, which extends the 
application of zeolites to wider areas. Two types of active sites may exist in secondary porosity 
networks based on their different locations. (i) Active sites accessible from the external surface 
via secondary channels to the mouth of the microporous network will have almost no steric 
hinderance; (ii) however, active sites located at the entrance of the microporous network, will 
potentially have a few steric limitations and affect the accessibility for bulky molecules [37]. 
We have discussed in the above sections that the shape selectivity of zeolites arises from their 
ordered microporous network. It is assumed that the introduction of secondary porosity will 
have a negative effect on the shape selectivity of zeolite, which does indeed occur for certain 
reactions such as xylene isomerization: p-xylene selectivity has been observed to decrease over 
hierarchical zeolites compared to conventional microporous zeolites [35, 45]. However, the use 
of hierarchical zeolites increased the selectivity towards xylenes during toluene 
disproportionation and branched hydrocarbons during hydrocracking, probably due to the 
shortened reaction time and fast molecular diffusion inside microporous channels, which 
suppressed the production of undesired secondary products such as light hydrocarbon species 
in hydrocracking [46, 47]. Kim et al. [48] have reported that the selectivity effects of 
hierarchical structure can be either beneficial or detrimental to hydroisomerization selectivity 
depending on the spatial location of the acid sites. The internal mesopores of SAPO-11 can 
facilitate the hydrocarbon diffusion, resulting in the enhanced hydroisomerization selectivity 
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of the catalysts. In the case of Methanol to hydrocarbons (MTH) reaction, hierarchical MFI 
zeolites produce less aromatics than light olefin compared with conventional MFI zeolites, due 
to the fast diffusion of aromatic intermediate out of the zeolite micropores that suppress the 
aromatic-based catalytic cycle over olefin-based cycle [49]. 
Catalytic deactivation due to coke deposition is a common phenonmena occuring in 
heterogeneous catalysis which mainly results from the formation of bulky organic compounds 
which are not able to desorb under reaction conditions [50, 51]. There are three mechanisms 
that usually cause zeolite deactivation by coke formation, whose effects are increased in the 
order of active site coverage, micropore blockage and deposition over the external surface of 
the zeolite [52]. It is well known that zeolites with nano-sized dimensions are usually less 
affected by coke formation than those with micro-sized dimensions, which can be assigned to 
the size and shape of zeolite pores. Coke can be advantageous, especially, controlled coke 
deposition at external surface may enhance the shape selectivity of zeolites, also known as 
selectivation. Toluene disproportionation is one of the examples in which pre-coked ZSM-5 
exhibits higher yield of para-xylene [51]. Moreover, coke molecules can also take part in 
reaction as being active sites, e.g., the reaction mechanism involving hydrocarbon production 
from methanol and ethanol over zeolites (H-ZSM-5 or SAPO-34).  Hierarchical zeolites are 
expected to exhibit similar behaviour. Nevertheless, it is worth noting that the net coke content 
will increase compared to that of conventional zeolites because the secondary porosity 
potentially accommodate more external coke deposits, although hierarchical zeolites may 
suffer lower deactivating effects [53, 54].  
Compared to conventional zeolites that mainly contain internal acid sites, hierarchical zeolites 
have shown weaker acid strength due to the large presence of external acid sites, yet they show 
much stronger acidity than the amorphous mesoporous aluminosilicates such as Al-MCM-41. 
It has been reported that hierarchical zeolites synthesized using gemini-surfactants could 
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catalyze reactions that require very strong acidity such as alkane cracking and MTG reaction. 
Additionally, hierarchical zeolites can show remarkably higher hydrothermal stability than 
conventional zeolites because mild acid sites (mainly external) are less prone to be 
dealuminated [55]. Moreover, an earlier study by Suzuki et al. [56] reported that mesoporous 
HZSM-5 prepared using amphiphilic organosilane template molecules showed less Brønsted 
acid sites concentration than that of conventional HZSM-5. Density functional calculations 
revealed that the change of acid sites strength over mesoporous HZSM-5 could be ascribed to 
the attachment of Al-OH and Si-OH defect sites to Brønsted acid sites. 
 
2.3 Modern strategies for the synthesis of hierarchical zeolites 
Many efforts have been made to develop novel strategies for synthesizing hierarchical zeolites 
in order to widen their applications. Many excellent reviews have been published in recent 
years covering various aspects of hierarchical zeolite synthesis methods as well as their 
applications [29, 37, 57-66]. In this section, we aim to give a summary of the emerging 
synthesis strategies for hierarchical zeolites with successful examples. A great number of 
strategies have been developed for tailoring zeolites with secondary porosity in the past two 
decades. For example, various approaches have been utilized to modify ZSM-5 to enhance its 
efficiency for the catalytic pyrolysis of biomass; two of these approaches commonly used in 
petrochemistry are outer surface passivation and diffusion enhancement [67-72].The methods 
involved in generating hierarchical zeolites are classified as top-down and bottom-up 
techniques [73]. Hydrothermal modifications from hard-templating and soft-templating 
methods are categorized as bottom-up approaches, while post-synthesis treatments involving 
dealumination and desilication are categorized as top-down strategies. These strategies are 




Fig. 2.2 The schematic representation of various hierarchical zeolite formation strategies. 
 
2.3.1 Hard templates 
Hard template methods are performed by introducing solid materials, usually with a relatively 
rigid structure, into the zeolite mother gel to act as mesoporous/macroporous templates during 
the zeolite crystallization process. The general procedures for using hard template methods are 
as follows: first, introducing zeolite precursor gel into the matrix of the templates; second, 
ageing the zeolite mother liquor with the templates for a certain time period at either room 
temperature or low temperature (usually below 100 °C), followed by a crystallization process 
performed by hydrothermal treatment in a controlled atmosphere; and finally, removal of the 
templates by combustion or dissolution treatment. The use of hard template methods have been 
extensively studied in recent years, and carbonaceous materials are one of the most investigated 
type of hard templates. Carbonaceous templates include carbon nanoparticles, nanotubes, 
nanofibres, mesoporous carbons, aerogels, etc. All these materials have been used for 
hierarchical zeolite tailoring, and various hierarchical zeolites have thereby been obtained. The 
most valuable properties of carbonaceous templates are their structural diversity, chemical 
inertness and simple removal. However, their drawbacks, such as hydrophobicity, also limit 
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their applications. Examples of advantages and disadvantages will be given in the subsections 
below. 
The application of carbon black for hierarchical zeolite synthesis was first reported by Madsen 
and Jacobsen [74]. They used commercial carbon blacks (Black Pearls 700 and Black Pearls 
2000) as a matrix for the confined-space synthesis of nan-osized ZSM-5. The commercial 
carbon black templates were impregnated with ZSM-5 precursor gel by the incipient wetness 
technique. After ageing for 3 h, the mixtures were hydrothermally treated at 180 °C for 48 h. 
Then, the products were washed with DI water and ethanol, followed by a calcination step at 
550 °C. The as-prepared zeolites had a particle size between 8 and 30 nm, and the BET surface 
area increased from 185 to 412 m2/g. The hierarchical framework was successfully made, and 
the source of mesoporosity/macroporosity was ascribed to the interconnection between nano-
ZSM-5 particles. The confined-space method was further employed by the same authors for 
nano-sized zeolite beta, zeolite X and zeolite A [75]. The mechanism behind the ‘confined-
space’ method is that hard templates restrict the growth of zeolite crystals during the 
crystallization process inside the cavities, resulting in the generation of nano-sized particles. 
The compact zeolite nanoparticles then led to the formation of hierarchical structure. The 
hierarchical zeolites were produced after the combustion of the carbon black. However, it was 
observed that the nano-sized zeolite particles made by the above method had only little 
connection with each other, which would potentially cause instability and durability problems 
after long-term catalysis. A modification was made by adding excess zeolite synthesis gel into 
a carbon black matrix during the impregnation step instead of using an equal or lower amount 
of zeolite synthesis gel compared to the carbon pore volume. This strategy successfully 
improved the encapsulation of zeolite particles during the growth procedures, and a broad 
mesopore distribution (5 – 50 nm) was achieved for both hierarchical ZSM-5 and TS-1 zeolites 
[76, 77]. Fig. 2.3 shows a schematic diagram of hierarchical zeolite templated by carbon black 
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with excess zeolite precursor gel added. The excess of zeolite gel grew around the carbon 
particles from inside to outside of the carbon matrix and over the whole system. Zeolite crystals 
were nucleated inside the pore system of carbon templates, and further connected during the 
crystallization step. After combustion treatment, the carbon templates were completely 
removed to leave the hierarchical zeolites, as the crystal size of ZSM-5 particles is ~300 – 1200 
nm, and the mesopore volume is 1.01 cm3/g. Extensive research on the confined-space method 
has been adapted for different type of zeolites and zeolitic materials, such as MFI (ZSM-5 and 
silicalite-1) [43, 78-81], MEL (ZSM-11, silicalite-2 and TS2) [79, 82], MWT (ZSM-12), BEA 
(beta), AFI (AlPO-5) and CHA (AlPO-34). These modified hierarchical zeolites or zeolitic 
materials showed significant improvements in diffusion and catalytic performance compared 
to conventional microporous zeolites due to the introduction of secondary porosity. However, 
the drawbacks of the zeolites made from this method are that they usually have a very broad 
porosity dispersion, and some of the secondary porosity can only be accessed by first passing 
through micropores, in which cases the secondary porosity basically does not contribute to 
mass transfer. 
 
Fig. 2.3 Growth of zeolite crystals around carbon particles. A hierachical network was 
generated after the combustion of the carbon particles. (Adapted from Ref. [77]. Copyright 
2000 American Chemical Society) 
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Carbon nanotubes and nanofibres have also been used as hard templates for the synthesis of 
hierarchical zeolite [78, 83-85]. Carbon nanotubes were first used as a template for mesoporous 
zeolite synthesis by Schmidt et al. [83], who used commercial multiwall carbon nanotubes 
(MWNTs) pretreated with hydrochloric acid for 24 h. The procedure was repeated until no 
colored impurities were observed. Then, the as-prepared MWNTs were impregnated with 
silicalite-1 precursor gel, and the mixture was hydrothermally treated at 175 °C for 24 h. The 
products were then collected after washing, drying, and calcination. Fig. 2.4(left) shows the 
schematic illustration of the zeolite synthesis by introducing carbon nanotubes. It shows that 
carbon nanotubes penetrated the zeolite crystal and that uniform mesopores were generated 
after the removal of the templates. TEM images (Fig. 2.4(right)) showed that straight mesopore 
channels were successfully synthesized, and the disordered orientation of these channels 
clearly showed that the zeolites crystallized around the MWNTs. It was worth noting that the 
impregnation of carbon nanotubes is a critical procedure, as there would be no mesopores 
formed if the nanotubes were just simply dip-coated with zeolite precursor gel [86, 87]. The 
ratio of carbon nanotubes to zeolite gel was considered to determine the amount of mesopores 
in zeolite crystals. Janssen et al. [78] reported a comparison of mesoporous silicalite-1 (S-1) 
crystals templated by carbon nanofibres and carbon black, respectively. The results showed 
that nanofibres-templated S-1 has a lower tortuosity of mesopores than the ones templated by 
carbon black. In addition, the amount of ink-bottle type mesopores began to increase as zeolite 
crystal size grew larger due to the high likelihood of agglomeration of the carbon black particles. 
Schmidt et al. [85] reported that SAPO-34 zeolites could be templated by both carbon 
nanotubes and carbon nanoparticles and described their application in the methanol-to-olefins 
(MTO) reaction. The results showed that carbon nanotube-templated SAPO-34 exhibited 
significant improvement in the kinetic uptake of n-butane and in the conversion of methanol 
compared to SAPO-34 synthesized by carbon nanoparticles, as the mesopores generated by the 
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carbon nanoparticles were mostly located inside the zeolite network instead of penetrating 
through it. Carbon nanotube-templated SAPO-34 generated more accessible mesopores from 
the surface of zeolite particles.  
 
 
Fig. 2.4 Schematic illustration of the synthesis principle for mesoporous zeolite using carbon 
nanotubes (left) and TEM image of silicalite-1 single-crystal encapsulated around carbon 
nanotubes (right). (Adapted from Ref. [83]. Copyright 2001 American Chemical Society) 
 
Ordered mesoporous carbon and colloidal silica particles have also been used as hard templates 
for the synthesis of hierarchical zeolites [88-95]. Not only do ordered mesoporous carbons have 
highly ordered networks, but also the hierarchical zeolites made from them generally have a 
smaller mesoporous dimension and narrower pore size dispersion than those made from 
commercial carbon black. In addition, the hierarchical zeolite structure can be tailored by 
changing the synthesis conditions of mesoporous carbon. For example, the formation of ZSM-
5 with unique supermicropores templated by mesoporous carbon was reported by Yang et al. 
[90]. The resulting mesoporous ZSM-5 can be tailored to have a bi-modal or tri-modal pore 
distribution, and large mesopores can be tuned by changing the nature of the mesoporous 
23 
 
carbon templates. Fang et al. [91] reported a synthesis method for mesoporous zeolite with a 
completely crystalline wall structure, denoted by OMZ-1, which was synthesized by the 
recrystallization of SBA-15 using in situ-formed CMK-5 as the carbon template. In this case, 
CMK-5 has double roles, serving as a hard template and kinetically controlling the 
crystallization process. A slight structural difference was observed between SBA-15/CMK-3 
and SBA-15/CMK-5 (Fig. 2.5), which led to the differing ratios between the nucleation and 
growth rates of zeolite crystals, thereby affecting the crystal dimensions. Fan et al. [93] reported 
the hierarchical nanofabrication of zeolite crystals grown confined within three-dimensionally 
ordered mesopores (3DOm). By this method, silicalite-1 nanoparticles with tunable size and 
uniform shape were synthesized. This study provided new insight into the constricted crystal 
growth mechanism underlying confined synthesis. Chen et al. [94] reported another study on 
3DOm carbon templated zeolites. BEA, LTA, FAU, and LTL zeolites were synthesized in the 
confined space of 3DOm carbon by conventional hydrothermal treatment and then compared. 
Fig. 2.6 clearly shows that the different types of zeolites were well formed, and the insets show 
the single-crystal pattern. However, the drawbacks of the confined-space method using 3DOm 
carbon include high time consumption and high cost, and thus, this methodology is not 
proposed for commercial implementation at this time. A less expensive and easier way to 
prepare mesoporous carbon templates was reported by Zhu et al. [96]. The mesoporous carbon 
was prepared by mixing sucrose and ammonia. After a certain period of hydrothermal treatment, 
brown solids were produced, and after crushing and heating treatment at 850 °C under a N2 
environment, porous black carbonaceous solids were successfully produced. The as-prepared 
carbon black had a BET surface area of 416 m2/g and a broad pore size distribution range within 
10-100 nm. Another approach using similar low-cost feedstock materials was reported by 




Fig. 2.5 Structural difference between (a) SBA-15/CMK-3 and (b) SBA-15/CMK-5 
nanocomposites. (Adapted from Ref. [91]. Copyright 2006 American Chemical Society)  
 
 
Fig. 2.6 TEM images of 3DOm-i (a) LTA, (b) FAU, (c) BEA, and (d) LTL, grown within a 40 
nm 3DOm carbon template. Insets: electron diffraction patterns from the circled areas in the 
corresponding TEM images. (Adapted from Ref. [94]. Copyright 2011 American Chemical 
Society) 
 
Hierarchical zeolites have also been developed using other hard templates, such as aerogel 
monoliths [98-101], polystyrene beads [102, 103], resin beads [104, 105], urea-formaldehyde 
resin [106, 107] and CaCO3 [108], among others. Some biological materials were also tested 
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as templates, such as bacteria [109], wood [110, 111], sugarcane bagasse [112], leaves [113, 
114] and carbonized rice husks [115]. In most of the hierarchical zeolites synthesized by these 
hard templates, the secondary porosity contained a broad range of pore size. In addition, the 
lack of thermal and mechanical stability data make these alternative templates difficult to 
compare to conventional carbon templates.  
 
2.3.2 Soft templates 
In addition to hard templates, soft templates have been extensively used for synthesizing 
hierarchical zeolites or zeolitic materials. Soft templates offer advantages such as flexibility 
and diversity. Surfactants and polymers are the two most common and important soft templates. 
Novel soft templates such as silanized zeolitic seeds, organosilanes, silylane cationic polymers, 
and amphiphilic organosilanes have also been developed in recent years and recognized as 
useful and effective methods to introduce secondary porosity into zeolite networks.  
The first attempt to synthesize ordered mesoporous molecular sieves using a surfactant was 
reported by Kresge et al. [116]. They proposed that the silicate material forms inorganic walls 
among ordered surfactant micelles, leading to the formation of mesopores after calcination. 
However, the solids made by this method showed low-angle diffraction peaks, and their pore 
walls were amorphous; thus, they were not considered truly zeolitic materials. The underlying 
mechanism of using surfactants to create mesoporous materials is that the surfactant molecules 
tend to form micelles in aqueous solution. The micelles act as mesopore templates during 
crystallization and are removed afterwards via calcination, and the space they occupied then 
becomes the mesopores in the solids. Many researchers have been inspired by this idea and 
proposed new strategies to introduce secondary porosity into zeolites or zeolitic materials by 
combining the use of structure-directing agents (SDAs) and various surfactants in the zeolite 
precursor gel at the very first stage, which is known as the dual templating method. In this 
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method, the surfactants are responsible for templating the mesostructure, while the SDAs build 
up the whole zeolite along the pore walls of the mesostrucutre.  
The dual templating method was first used to introduce secondary porosity into a zeolite crystal 
network soon after [117-119]. However, the hierarchical structure was not successfully created 
due to the phase-segregation of the zeolite crystals and zeolitic materials with amorphous pore 
walls. More modifications have been attempted, including the kinetic control of zeolite seeds, 
usage of cationic polymers and optimization of reaction conditions to obtain a hierarchical 
zeolite structure [120-128]. However, those methods were found to have drawbacks such as 
creating a negligible amount of micropores, producing a structure rich in defects, consuming 
excessive time or depending heavily on synthesis conditions. Choi et al. [34] for the first time 
reported the utilization of a dual-porogenic surfactant (C22H45-N
+(CH3)2-C6H12N
+(CH3)2-
C6H13) to directly synthesize MFI zeolite nanosheets on the mesoporous and microporous 
length scales.  Later on the same group [129] reported a strategy to synthesize a hierarchical 




–)3 (abbreviated as 18–N3–18). This 
surfactant has a head group of three quaternary ammoniums and two hydrophobic tails, which 
allow it to function as both SDA and mesostructure agent. The as-prepared zeolites had 
enhanced mesoporosity and matchable MFI XRD patterns. Moreover, the mesopore size was 
tunable in the range of 3.8-21 nm by varying the hydrophobic alkyl chain and swelling agents. 
Fig. 2.7 shows the structure of the 18–N3–18 surfactant, along with the successful introduction 





Fig. 2.7 (a) 18–N3–18 surfactant (white spheres, hydrogen; gray spheres, carbon; red spheres, 
nitrogen). (b) SEM, (c and d) TEM, [(c) and (d), insets] Fourier diffractogram, and (e) XRD 
pattern of hexagonally ordered crystalline MMS after surfactant removal. (Adapted from Ref. 
[129]. Copyright 2011 American Association for the Advancement of Science) 
 
Hierarchical zeolites synthesized by the crystallization of silanized zeolite seeds were first 
reported by Serrano et al. [130]. This strategy was inspired by the occurrence of small proto-
zeolitic units (approximately 2-5 nm) in the early stages of zeolite crystallization observed in 
previous studies [131-134]. The addition of organosilanes during the initial stages of zeolite 
crystallizaiton can lead to anchoring on the external surface of the zeolitic seeds, preventing 
the growth of large zeolite crystals. Fig. 2.8 illustrates a schematic diagram of the silanization 
of ZSM-5 nanocrystals to form mesoporous channels. The hierarchical zeolites made by this 
method showed enhanced surface area, porosity and catalytic activity. Generally, there are four 
steps involved in this method: (i) the pre-crystallization of zeolite gel to form zeolitic seeds; 
(ii) the functionalization of the external surface of the zeolitic seeds with an organosilane such 
as phenylaminopropyl-trimethoxysilane; (iii) the hydrothermal treatment of the functionalized 
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zeolitic seeds to complete the crystallization process; and (iv) the calcination of the products 
to remove SDAs and organosilane. The synthesized hierarchical ZSM-5 samples have particle 
sizes of approximately 300-400 nm, aggregated by ultrasmall nanounits below 10 nm with a 
high degree of intergrowth, giving rise to larger sponge-like hierarchical crystals [130]. The 
as-prepared hierarchical ZSM-5 samples showed significant improvement on textural 
properties; the BET surface area and mesopore volume were increased from 435 to 670 m2/g 
and from 0.25 to 0.51 cm3/g, respectively. It was also found that the organosilane was grafted 
only onto the external surface of the zeolitic seeds at the early stage and not inside the nanounit 
pores, which was confirmed by the 2D spectrum. Moreover, the sizes of both the nanounits and 
the mesopores could be tuned by changing the synthesis conditions, such as the temperature, 
the concentration or the organic moiety nature of the silanization agent [135, 136]. The same 
group also reported that the addition of alcohols such as 2-propanol or methanol during the 
silanization stage could enhance the textural properties due to the strong interaction between 
organosilane and linear alcohols. This leads to the generation of a stable and hydrophobic 
protective layer on the external surface of the zeolitic seed [137]. In addition, it was reported 
that the aluminium dispersion in hierarchical ZSM-5 made by this method was less uniform 
than in conventional ZSM-5 due to the decreased Si/Al connectivity over the secondary surface, 
and the aluminium present in hierarchical ZSM-5 is very susceptible to calcination conditions 





Fig. 2.8 Schematic diagram showing the distributions of the TPA+ zeolite-structure-directing 
and PHAPTMS surface-silanization species with respect to the interior nanopores and exterior 
surfaces of ZSM-5 zeolite nanocrystals. (Adapted from Ref. [136]. Copyright 2009 American 
Chemical Society) 
 
Silane-functionalized polymer was also reported as a soft template for synthesizing hierarchical 
ZSM-5 with intracrystal mesopores [139]. A silylated polymer made from (3-glycidoxypropyl) 
trimethoxysilane and polyethyleneimine was added to the zeolite precursor gel. After 
hydrothermal treatment of the mixture and subsequent calcination, a hierarchical ZSM-5 
network with a mesopore size of ~2 nm and a very narrow pore size distribution was 
successfully synthesized. The underlying mechanism is illustrated in Fig. 2.9. The presence of 
–SiO3 units in the polymer could be grafted onto the proton-zeolite surface via covalent Si-O-
Si linkages during the nucleation of the zeolite phase. The incorporated polymer became phase-
segregated from the zeolite matrix as the crystallization of zeolite progressed, forming an 
intracrystal polymer network that was covalently linked inside the zeolite crystals. The space 
that was occupied by the polymer porogen became intracrystal mesopores after the calcination 
procedure. It was found that the size of the mesopore could be tuned by changing the degree of 
silylation of the polymer. The silylated polymer-templated MFI zeolites were then used for 
selective petroleum refining [140]. The as-prepared mesoporous zeolites exhibited enhanced 
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reactivity and product selectivity compared to conventional ZSM-5 due to the introduction of 
uniform small intracrystal mesopores created by the silylated polymer.  
 
Fig. 2.9 Conceptual approach to the synthesis of a zeolite with intracrystal mesopores using a 
silylated polymer as the mesoporogen. (Adapted from Ref. [139]. Copyright 2006 Wiley-VCH) 
 
In addition to the dual templating method and the silylated polymer templating method, the 
amphiphilic organosilane method was first reported by Choi et al. [141] for the direct synthesis 
of mesoporous zeolites with tunable mesostructures. The dual templating systems worked in a 
competitive manner instead of the expected cooperative one, which led to the formation of 
amorphous mesoporous material, bulk zeolite or physical mixtures thereof. The amphiphilic 
surfactant molecules have the benefits of both SDA and common surfactants. They contain a 
hydrolysable methoxysilyl moiety, an SDA group such as quaternary ammonium and a 
hydrophobic alkyl chain moiety. The methoxysilyl moiety can link the amphiphilic molecules 
with zeolite domains by the formation of covalent bonds with SiO2 and Al2O3 sources. The 
authors synthesized ([(CH3O)3SiC3H6N(CH3)2C16H33]Cl, TPHAC) and structural analogues for 
the templating of mesoporous MFI and LTA zeolites. These molecules contained a surfactant-
like long-chain alkylammonium moiety linked to a hydrolysable methoxysilyl group by a Si-C 
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bond, which is reported to be chemically stable during the zeolite synthesis process. These 
amphiphilic organosilanes were added to the initial stage of the zeolite precursor gel, followed 
by conventional zeolite hydrothermal treatment. Fig. 2.10 shows the LTA mesoporous particle 
made by the above method. These images clearly show the successful production of the 
mesostructure with a uniform particle size distribution. The later test reactions showed that 
mesoporous ZSM-5 zeolites made by this preparation method have better acidity and 
selectivity than bulky zeolites, MCM-41 and ZSM-5 dual templated materials. In addition, it 
was found that the mesopore size could be tuned within the range of 2-20 µm by changing the 
chain length of the organosilanes and the hydrothermal synthesis temperature. This strategy 
was applied for the synthesis of sodalite, BEA and FAU [142-144]. However, the drawback of 
this method is the high cost of the SDAs, which are made in multiple alkylation steps, making 
them economically unviable for industrial application. Recently, Meng et al. [145] reported a 
hierarchical ZSM-5 synthesis strategy using cetyltrimethylammonium (CTA) – a similar 
amphiphilic template with a single quaternary ammonium head group, mixed with KOH 
instead of the traditional alkaline solution NaOH as a mesoporogen and structure-directing 
agent. Fig. 2.11 illustrates how CTAOH worked better with KOH than NaOH. The as-prepared 
ZSM-5 zeolite showed excellent catalytic performance in methanol-to-hydrocarbons reactions 




Fig. 2.10 Mesoporous LTA zeolite synthesized using [(CH3O)3SiC3H6N(CH3 )2C16H33]Cl. (a), 
(b) SEM images, (c) TEM image, and (d) pore size distribution from N2 adsorption isotherm. 




Fig. 2.11 Mechanism of hierarchical ZSM-5 zeolite formation in the presence of CTAOH and 
KOH and of amorphous silica formation in the presence of NaOH. (Adapted from Ref. [145]. 
Copyright 2017 American Chemical Society) 
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2.3.3 Template-free methods 
Hierarchical zeolites can also be directly synthesized without using any templates for 
mesopores generation. Template-free methods are mainly based on three strategies: (1) 
intercrystalline mesoprosity that generated from nanocrystals aggregation [146-148]; (2) 
intracrystalline mesoporosity embedded via controlling crystallization of amorphous gels [149]; 
(3) mesoporosity formed among self-pillared zeolite nanosheets which were made from 
rotational intergrowths of certain type of zeolites [150, 151].  
Even though the aggregation or self-assembly of nanocrystals is a widely used method to form 
zeolites with intercrystalline mesoprosity that avoids the utilization of meso- or macroporogens, 
the drawback of this method is also obvious. The unstable intercrystalline meso-/macropores 
can be easily lost due to the very tight agglomeration among the nanocrystals [152]. However, 
such drawbacks can be overcomed via the synthesis of intracrystalline mesopores, which were 
preserved during the dry synthesis gel process [149]. Synthesis of ultrasmall EMT zeolites (6 
to 15 nm) without using expensive organic templates has been reported by Ng et al. [153], 
which demonstrated the importance of controlling the very early stages of zeolite 
crystallization in colloidal systems to access the nanoscale zeolite phase. The zeolite materials 
obtained from this way might exhibit intercrystalline mesoporosity, if the ultrasmall 
nanocrystals are assembled in the form of aggregation. 
The preparation of self-pillared zeolite nanosheets is another excellent way to generate 
mesopores without using any templates. Tsapatsis et al. [150] have reported the utilization of 
rotational intergrowths of zeolites to fabricate self-pillared zeolite MFI nanosheets, the 
mesopores were formed among these nanosheets as shown in Fig. 2.12. The formation of such 
a unique morphology is attributed the generation of MEL-type zeolite domains within the MFI 
structure, due to MFI and MEL are isotructural (structure twins). This rotational intergrowth 
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strategy has been extended to fabricate hierarchical FAU/EMT zeolites later on by the same 
group [154]. This template-free method is facile and effective, however there are disadvantages 
such as: these zeolites are usually difficult to prepare, post-treatment for organic molecules 
removal is required, and only very few zeolite types are suitable for synthesis via this method. 
 
 
Fig. 2.12 (a) Schematic illustration of the formation of template-free self-pillared hierarchical 
zeolites by rotational intergrowth. (Adapted from Ref. [151]. Copyright 2014 Wiley-VCH) (b) 
TEM image of self-pillared zeolite MFI. (Adapted from Ref. [150]. Copyright 2012 American 
Association for the Advancement of Science)  
 
Synthesizing layered zeolite crystals from growth modifying agents (molecular modifiers) is 
another promising way to obtain hierarchical structure zeolites. Molecular modifiers can 
selectively be absorbed on certain crystal faces and further change their growth rate [155]. 
When the layered crystals obtained from this method assembled as stacking shape, the meso-







Demetallation consists of dealumination and desilication, which are two relatively traditional 
approaches of hierarchical zeolites synthesis. Dealumination has been considered as one of the 
most useful methods for incorporating hierarchy into conventional zeolites. It has been 
extensively applied for synthesizing zeolites with a high Si/Al ratio, good stability and 
enhanced mesoporosity [156-158]. Steaming, calcination and acid leaching are three ways to 
hydrolyse Al-O-Si bonds in the zeolite structure to achieve dealumination. Dealumination was 
originally used to increase the Si/Al ratio in zeolite to obtain a more stable structure, but it was 
later found that some random mesopores were unexpectedly created [57]. The steaming process 
is usually carried out above 500 °C, at such high temperature that the Al-O-Si bonds are broken, 
resulting in the loss of aluminium, which then lead to the generation of defects in the zeolite 
structure. The movement of less stable silicon to the sites that used to be occupied by 
aluminium results in the formation of silanol-rich domains. The described process can heal part 
of the amorphous structure, and many mesopores are generated during it [159]. The formation 
of mesopores is schematically presented in Fig. 2.13. The formation of new mesopores upon 
steam treatment has been reported by Sheng et al. [160].  The increasing in steaming 
temperature results in the coexistance of micro and mesopores. The loss of acid sites and the 
ratio of Brønsted to Lewis acid sites was also evident post-steaming treatment. The zeolites 
(HZSM-5) after steaming exhibited excellent catalytic performance during ethylene production 
from dehydration of ethanol. The formation of new mesopores accommodated the coke that 
generated during the reaction, and thus coke deposition was suppressed over micropores in 




Fig. 2.13 Schematic illustration of the formation of mesopores. The grid denotes the zeolite 
framework, the black dots are framework aluminium atoms, the open circles are aluminium 
atoms extracted from the framework, and the dotted lines indicate the mesopores. (Adapted 
from Ref. [159]. Copyright 2003 Taylor & Francis Online) 
 
The steaming method is usually combined with acid treatment due to the debris generated 
during the process, which could potentially deposit on the surface of the zeolite particles or 
inside the channels, leading to blockage. Nitric acid, hydrochloric acid or organic acids such 
as oxalate, acetic and tartaric acid are commonly used for the debris removal [156]. Since the 
main purpose of dealumination is to extract aluminium, in most cases, the feedstock zeolites 
have a low Si/Al ratio. 
Dealumination can also be achieved by a calcination process. Müller et al. [161] reported a 
comparison of the dealumination of the zeolites beta, mordenite, ZSM-5 and ferrierite by a 
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calcination method. As in the steaming treatment, some mild acid also needs to be applied after 
the calcination process for debris removal [162]; for example, in this case, they used oxalic 
acid. The NMR results showed that the extent of dealumination increased with the number of 
Brønsted acid sites interacting with the zeolite framework, and meanwhile, defects were 
generated. The zeolite framework became more flexible under different conditions, enabling 
Brønsted acid sites and oxygen atoms to interact more inside the zeolite network. Zhang et al. 
[163] also reported that mesoporous ZSM-5 synthesized by thermal treatment could retain its 
crystallinity up to 1000 °C. The effects of both steaming and calcination treatments were 
investigated for beta zeolite and it was found that Lewis acid sites increased at the expense of 
Brønsted acid sites as a result of both steaming and calcination treatments [164]. The post-
treated beta zeolite was further subjected to direct transformation of glucose to 5-
hydroxymethylfurfural (HMF), and the activity results revealed 55% and 51% selectivity to 
HMF for beta zeolite calcined at 750 °C and steam treated at 500 °C, respectively. 
Acid leaching is another alternative way to remove aluminium from a zeolite framework. As 
mentioned above, mild acids are usually used for debris removal after steaming or heat 
treatment. However, it is reported that the presence of concentrated aqueous acids alone can 
also promote the hydrolysis of Si-O-Al bonds, leading to the extraction of aluminium species 
from the zeolite network and resulting the generation of mesopores [54, 161, 165-168]. The 
type of zeolites, nature of acid and pH can all influence the dealumination performance [169, 
170]. The dealumination of various commercial zeolites such as beta, mordenite and ZSM-5 
using microwave irradiation under acidic environment was studied, and the extent of 
dealumination was ascribed to the structure of corresponding zeolite and heating methods used 
[171]. The use of microwave irradiation led to faster dealumination in comparison with 
conventional heat treatment. Among the three zeolites investigated, beta zeolite was easiest to 
dealuminate while ZSM-5 showed very low dealumination. The impact of microwave 
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irradiation on the textural and acidic properties of the post-treated zeolites was evident by the 
increase in mesoporosity, surface area and Brønsted acid sites for mordenite zeolite treated 
with HCl under microwave irradiation. Beta zeolite showed lower surface area and 
insignificant variation in mesoporosity and acidic sites. 
Although hierarchical porosity in zeolites can be achieved by dealumination, there are 
drawbacks to this method. Because of the extraction of aluminium, the acidity of the zeolite 
materials decreases accordingly. Moreover, the mesopores created by this method generally 
have a very broad pore size distribution range. Some pores are created inside the zeolite 
structure and are not connected with external surface, thus they do not contribute to improving 
the mass transfer.  
 
2.3.5 Desilication 
Similar to dealumination, desilication is another well-known way to tailor zeolites with a 
hierarchical framework by selectively extracting silicon atoms. The potential of desilication as 
post-synthesis method for the development of secondary mesoporosity has not been recognised 
for a long time, but in recent decades this approach has been investigated significantly by 
scientists. The treatment of ZSM-5 crystals in hot alkaline sodium carbonate solution resulted 
in excessive dissolution of zeolites, due to the presence of aluminium gradient in these crystals 
as reported by Dessau et al. [172] in the early 1990s. Later on Cizmek et al. [173] investigated 
the alkaline treatment using concentrated NaOH of silicate-1 and ZSM-5, and discussed the 
distinguished negative role of aluminium in suppressing silicon dissolution kinetics. These 
studies to explore the modification in the structure, textural properties and morphology of 
treated zeolites were reported at the start of 21st century. Ogura et al. [174] first reported that 
alkaline treatment of zeolites could result in mesoporosity. However, the created mesopores 
were at the expense of dramatically diminished micropores (~40%). A later study by the same 
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group found that both silica and aluminium were extracted out from the zeolite framework, but 
much less aluminium than silica was extracted in an alkaline environment [175]. Most silica 
atoms were found to have dissolved from the external surface, and thus, the crystallinity of the 
zeolite was retained. Fig. 2.14 shows the morphological change in ZSM-5 crystals caused by 
alkaline-treatment under varied conditions such as different times and concentrations. Fig. 2.14 
(c) clearly shows that cracks and defects were generated on the outer surface of the zeolite 
particle. This work also concluded that the increased mesoporosity had little influence on the 
original microporosity inside the ZSM-5 framework. An enhancement in catalytic performance 
was found in a later test reaction for cumene cracking, which could be explained by an 
improvement in diffusivity caused by the introduction of mesopores.  
 
 
Fig. 2.14 SEM images of alkaline-treated ZSM-5. Treatment was carried out in a 0.1 M NaOH 
solution at 338 K for (a) 120 min, (b) 300 min and (c) in a 0.2 M solution at 353 K for 300 min. 
(Adapted from Ref. [175]. Copyright 2001 Elsevier) 
 
A detailed study to explicate the role of various parameters including stirring speed, 
temperature, time, crystal size, different framework types and framework Si/Al ratio revealed 
aluminium in the framework to be the key factor in generating mesoporosity during desilication 
upon alkaline treatment [176, 177]. The selection of appropriate Si/Al ratio is another important 
factor in directing the framework Si–O–Si bonds towards mesoporosity development. The 
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extraction of silicon is suppressed by the presence of neighbouring aluminium species in the 
framework. Groen et al. [178] tested a series of commercial ZSM-5 zeolites with Si/Al ratios 
ranging from 15 to 1000. They found that the percentage of aluminium inside the zeolite 
framework played a key role in mesopore formation in MFI zeolite undergoing alkaline 
treatment. As Fig. 2.15 illustrates, when the Si/Al ratio is below 15, the high concentration of 
Al atoms in the zeolite framework prevent Si atoms from being extracted, resulting in very 
limited mesopores generation; however, when the Si/Al ratio is above 200, the excess Si atoms 
are unselectively extracted, leading to the generation of large pores. A Si/Al ratio of 50 was 
finally found to be optimal for forming mesoporous structure while preserving the crystallinity 
of the zeolite.  
 
 
Fig. 2.15 Simplified schematic representation of the influence of the Al content on the 
desilication treatment of MFI zeolites in NaOH solution and the associated mechanism of pore 




The desilication process has been extensively applied to many types of zeolites, including MFI, 
MTW, MOR, BEA, AST, FER, MWW, IFR, STF, CHA, FAU, TON and TUN [179-192]. The 
most common procedure for desilication is to treat zeolite samples with 0.2 M NaOH solution 
for 30 min at 65 °C, with a ratio of zeolite to solution of ~33 g/L. However, different types of 
zeolites showed different characteristics under the standard desilication treatment conditions. 
Groen et al. [181] have reported that beta zeolite showed high silicon extraction and generated 
many mesopores due to the lower stability of aluminium in its framework than in that of ZSM-
5 or mordenite, but it also caused high losses of microporosity and crystallinity. Another 
example is ZSM-22, reported by Verboekend et al. [191]. The generation of mesopore surface 
area by NaOH treatment is lower than in MFI; after mild acid treatment, the mesopore area 
increased from 95 to 114 m2/g, and 90% of the original microporosity was restored, while only 
37% of the original Brønsted acidity remained after the treatment. The desilication efficiency 
is relatively low compared to that in ZSM-5, likely due to morphology of ZSM-22. 
Many developments have been achieved in desilication procedures. Hierarchical zeolites with 
both microporosity and mesoporosity were prepared by the desilication of ZSM-5 in aqueous 
solutions of organic hydroxides (TPAOH, TBAOH) [193]. The organic base makes the 
desilication process highly controllable compared to the fast silicon-leaching kinetics in NaOH 
due to the lower reactivity of organic bases than inorganic ones towards silicon. In addition, 
the use of organic hydroxides directly introduces the proton into the mesoporous framework 
without NH4NO3 ion-exchange treatment which is a necessary step when using NaOH instead. 
Moreover, it was observed mesoporous zeolites with higher Si/Al ratios were synthesized due 
to the lower selectivity of organic hydroxide for silicon extraction. A modified desilication 
procedure to produce hierarchical zeolite without severe losses of micropore volume was later 
reported by the same group [194]. Organic cations (TPA+ or TBA+) were added along with 
NaOH as a pore-growth moderator. The hierarchical zeolites synthesized by this novel method 
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showed improved transport and superior catalytic performance. Verboekend et al. [195] 
reported that the same method can also be applied to zeolites with a high Si/Al ratio or even 
pure silica zeolitic materials. The as-prepared silicalite-1 showed enhanced mesoporosity 
without severe loss of microporosity. However, the drawback of using organic hydroxides as 
desilication agents is the high cost compared to that of NaOH, even without using NH4NO3 for 
the ion-exchange procedure. 
The heating up system also has influence on the synthesis of hierarchical zeolites. Compare to 
traditional hydrothermal method, microwave-assisted synthesis of zeolites has the advantages 
of uniform and fast heating of the mother gel, leading to the reduction of crystallization time. 
In addition, microwave-assisted synthesis tends to give a narrow particle size distribution in 
the final products. The using of ultrasound bath during the nucleation period also can help the 
uniform growth of the zeolite crystalline. 
The discussion of various synthesis routes to generate secondary porosity in order to attain 
hierarchical zeolites needs the comparison and critical overview of the strengths and limitations 
of all studied methods. On the other hand, the analysis of top-down and bottom-up strategies 
is also important before choosing a particular synthesis strategy. Therefore Table 2.2 presents 















Hard Template  Structural diversity 
 Chemical inertness 
 Simple template 
removal 
 Broad mesopores 
distribution 
 Tailored structure  







 Low thermal stability 
 Poor mechanical 
strength 
 Less tunable 
secondary porosity 
 More expensive 
Soft Template  Diversity 
 Enhanced surface 
area and porosity 
 Tunable pore size 
 Tunable 
mesoporosity 
 Structural defects 
 Time consuming 
 High cost of 
production 
 Unavailability of 
commercial template 
Template-free  Low cost 
 Environmentally-
friendly 
 Less tunable 
secondary porosity 
 Limited to a few 
zeolites 
Top-down 
Dealumination  High Si/Al ratio 
 Good stability 
 Enhanced 
mesoporosity 
 Low cost 
 Possibility of 
Scaling up 
 Broad pore size 
distribution 
 Poor pore-to-surface 
interconnectivity 
 Limited to Al-rich 
zeolites 
Desilication  Applicable to wide 




 Possibility of Scale 
up 
 Expensive in case of 
organic templates 







2.4 Core-shell zeolites  
Hierarchical zeolites can also be synthesized by core-shell modification, i.e., altering the layer 
properties of core zeolite nanoparticle, sequentially absorbing macromolecules with opposite 
charges can on the inner-shell with the help of spherical latex beads. These nano-structured 
composite shells can be further tuned to have controlled thickness. The prefabricated core-shell 
building blocks were then assembled to close packed structures in the range of macroscopic 
dimensions. After the removal of organic templates and latex, hierarchical zeolites with tunable 
shell thickness and pore diameters are produced [196].  
In addition, when employing shell zeolites with particular pore size, the composite core-shell 
structure can be utilized as molecular sieve for selective reaction with molecules that have a 
distinctive molecular size. For example, Miyake et al. [197] has reported that Zn ion-doped 
ZSM-5/silicalite-1 core-shell zeolite catalyst (as shown in Fig. 2.16) improved p-xylene and 
para-selectivity (para-xylene selectivity in xylene isomers) over the methanol to para-xylene 
(MTpX) reaction. Despite the presence of the shell, silicalite-1 selectively screened out the 
molecules with larger diameter or a structure with more branches. The coated silicalite-1 shell 
also covered the acid sites that only exist over the inner core ZSM-5, decreasing the side 
reactions. Such zeolite core-shell modifications have been studied where designed layers have 






Fig. 2.16 FE-SEM images of (a) ZSM-5, (b) Zn/ZSM-5 and (c) Zn/ZSM-5/silicalite-1. 
(Adapted from Ref. [197]. Copyright 2016 Elsevier) 
 
Given the advantages that core-shell structure has, this idea has also been introduced to modify 
metal-organic framework (MOF) materials [201]. It has been reported that core-shell 
metal/ZIF-8 catalyst has anti-poisoning characteristics and can selectivity catalyze alkene 
hydrogenation [202]. The core-shell ZIF-8/Pd/ZIF-8 exhibited higher selectivity towards to 1-
hexene over cis-cyclooctene during hydrogenation, due to the smaller size of 1-hexene 
compared to cis-cyclooctene. Meanwhile, the existence of outer ZIF-8 layer showed successful 
resistance to thiophene and further prevented the Pd that was located over the inner ZIF-8 core 
from poisoning. Zeolite and MOF hybrids has also been successfully synthesized and showed 
size selectivity for alkene hydrogenation [203]. The structure composite was synthesized by a 
combination of seed-induction synthesis strategy and self-assembly methods. The zeolites and 
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Chapter 3  
Stacking MFI Zeolite Structures for Improved Sonogashira 
Coupling Reactions 
    
 
The work in this chapter was published as Jia X., Jiang D., Tsang DCW., Choi J. and Yip ACK. (2018) 
“Stacking MFI Zeolite Structures for Improved Sonogashira Coupling Reactions.” Microporous and 




















Among the array of transition-metal-catalysed C-C bond forming methods, Sonogashira 
coupling involves the reaction among halides, triflates and terminal alkynes; this reaction is 
catalysed by palladium (Pd) with or without the presence of couple (e.g. sulfonic amides in 
Scheme 1) and has become a powerful tool for synthesizing natural products, biologically 
active compounds, pharmaceuticals, agrochemicals and functionalized materials [1]. For 
example, in Scheme 3.1, quinols as antitumour agents (a), furopyrimidinones with antiviral 
activity (b) and allosteric enhancers of an adenosine receptor (c) are synthesized by the 
couplings [2-4].  The Sonogashira reaction is traditionally conducted using a homogenous Pd 
catalyst such as palladium-phosphine complex [5-7]. Some ligand-free examples of 
Sonogashira coupling have also been successfully developed but usually require a large amount 
of Pd, which is not economically efficient [8, 9]. Since the 1990s, more effort has focused on 
the development of heterogeneous Pd catalysts to overcome the drawbacks associated with the 
recovery of the expensive catalyst in large-scale production, as well as the difficulty of 
separation of residual Pd in the final products that precludes a wide application to the food and 










Scheme 3.1 Biologically active compounds formed through Sonogashira couplings. 
 
Although Pd nanoparticles can catalyze Sonogashira coupling with high efficiency, they 
deactivate very easily due to aggregation during the reaction, which hinders further application 
on a large scale. In recent years, different type of zeolite-supported Pd catalysts, such as MFI, 
BEA, NaY zeolites, have received much attention because of both their physical and chemical 
stabilities in Sonogashira coupling reactions [12-14]. Zeolites are crystalline aluminosilicates 
with periodic arrangements of pores or channels and have experienced rapid and extensive 
growth since their industrial application to the Mobil methanol-to-gasoline (MTG) process [15, 
16]. They are well known materials having a high specific surface area, ion-exchange capacity, 
good thermal/mechanical stability, and superior catalytic activity and shape-selectivity [17]. In 
particular, ZSM-5 (an MFI type zeolite) with interconnected 10-membered rings have been 
widely used in refinery and petrochemical applications, such as nitrogen oxides (NOx) 
reduction [18-20], hydrocarbon conversions [21-25], along with other important industrial 
applications such as methanol-to-propene (MTP) conversion, N2O decomposition, Fenton 
reaction and photocatalytic reactions [26-34]. Moreover, ZSM-5 zeolites have been extensively 
studied as support for metal catalysts for many organic transformations [35-39]. However, 
traditional ZSM-5 support has the drawback of easy agglomeration, leading to decreased 
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catalytic activity, fast deactivation and low sustainability. To improve the mechanical strength 
and resistance towards attrition loss, many industrial zeolite catalysts are prepared by 
embedding zeolite crystallites into a matrix using a binder, which is a synthetic material such 
as silica and alumina or a natural clay such as kaolin, bentonite, etc, [40, 41]. The binder-based 
matrix zeolite has shown interesting advantages in propane aromatization [41], n-butane 
isomerization [42] and n-octane isomerization [43]. However, the use of a binder is neither 
environmentally friendly nor economically efficient. The cost of kaolin is approximately USD 
500/t according to Alibaba as of February 2019. Herein, we report a novel synthetic 
methodology for synthesizing the ZSM-5 stacking zeolite without using binders, and the as-
prepared stacking ZSM-5 is used as supports for depositing Pd nanoparticles. The functionality 
of the Pd/stacking zeolite was demonstrated in ligand-free Sonogashira coupling reactions. 
 
3.2 Experimental section 
3.2.1 Materials 
Tetraethyl orthosilicate (TEOS, 98%), aluminium isopropoxide (>98%), 
tetrapropylammonium hydroxide (TPAOH, 1.0 M in H2O), palladium nitrate dehydrate 
(approximately 40% Pd basis), sodium borohydride (99%) and aluminium nitrate nonahydrate 
were purchased from Sigma-Aldrich. Sodium hydroxide was purchased from Thermo Fisher 
Scientific. Commercial ZSM-5 (CBV2314) was purchased from Zeolyst International. Phenyl 
acetylene (>97%), 4-ethylnyl anisole (>98%), bromobenzene (99%), 4-bromobenzaldehyde 
(99%), 2-bromobenzonitrile (>98%), 2-bromo-5-fluorobenzonitrile (>98%), triethylamine 
(99%), potassium carbonate (>99%), potassium tert-butoxide (99%), potassium methoxide 
(98%), dimethyl formamide (>99.5%) and toluene (99%) were supplied by Tansoole Company, 
China. Deionized (DI) water was prepared by a lab-based water-purification apparatus and was 
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used to prepare all required samples and solutions. All chemicals were used as received without 
any further treatment. 
 
3.2.2 Sample preparation 
Preparation of micro-sized ZSM-5 support 
The synthesis of micro-sized ZSM-5 supports was similar to the method in our previous paper 
[44]. In a typical synthesis, 7.5 ml of TPAOH, 28 ml of DI water and 27.9 ml of TEOS were 
added sequentially to a polypropylene (PP) bottle. The resulting mixture was placed in an 
incubator shaker (Labnet 311DS) at 298 K for 24 h. Thereafter, a solution containing 0.25 g of 
NaOH, 1.02 g of aluminium isopropoxide, 28 ml of DI water and 7.5 ml of TPAOH was added 
to the mixture. The prepared mother gel was stirred at 298 K for 3 h, followed by crystallization 
at 453 K for 72 h. The molar composition of the final gel was TPAOH:NaOH:Al(O-i-
Pr):SiO2:H2O=3:1:1:25:750. The solid products were subsequently washed 3 times with DI 
water and collected by centrifugation. Finally, the Na-ZSM-5 samples were obtained by 
calcination of the as-synthesized samples in a tube furnace at 823 K (ramping rate of 1 K/min 
from ambient temperature) for 10 h to remove the organic template. A similar procedure was 
used to make smaller micro-sized ZSM-5 crystals, except the hydrothermal treatment was 
performed for 42 h instead of 72 h. The synthesized micro-sized ZSM-5 was denoted Z-1 and 
Z-2 for the 42 h and 72 h hydrothermal treatment, respectively. 
 
Preparation of nano-sized ZSM-5 support 
The nano-sized ZSM-5 support was synthesized following the method reported by Mochizuki 
et al. [45]. In a typical synthesis, 15 ml of TPAOH, 16 ml of DI water and 13.68 ml TEOS were 
added sequentially to a PP bottle. The resulting mixture was kept in an oil bath at 353 K for 24 
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h. Thereafter, a solution containing 4 ml of DI water, 0.46 g of Al(NO3)39H2O and 0.24 g of 
NaOH  was added to the mixture. The prepared mother gel was stirred at room temperature for 
30 min, followed by crystallization at 443 K for 24 h. The molar composition of the final gel 
was SiO2:Al2O3:TPAOH:NaOH:H2O = 1:0.01:0.25:0.1:30. The solid product was 
subsequently washed 3 times with DI water and was collected by centrifugation. Finally, the 
products were calcined using the abovementioned method. The nano-sized ZSM-5 was denoted 
as Z-0.1 and had a crystal size of approximately 0.1 µm (or 100 nm). The H-type ZSM-5 (H-
ZSM-5) samples were obtained as follows. The calcined Na-ZSM-5 samples (micron- and 
nano-sized) were treated with 1 M NH4NO3 aq. at 353 K for 5 h followed by calcination at 823 
K for 10 h to exchange Na+ ions for protons.  
 
Synthesis of stacking ZSM-5 
The stacking ZSM-5 samples were obtained as follows. The H-ZSM-5 samples were embedded 
into a pill disc of 3 mm thickness and 20 mm diameter using hydraulic pressing followed by 
programmed temperature calcination at 1073 K for 5 h. Thereafter, the calcinated pill discs 
were crushed into fine powders before being transferred to a laboratory test sieve (Endecotts 
Ltd.). Those samples with particle sizes between 45 and 63 μm were screened out. The 
synthesized stacking ZSM-5 was denoted HZ, and thus HZ-X (where X = 2, 1 and 0.1) for 
stacking ZSM-5 made from the corresponding micro- and nano-sized ZSM-5.  
 
Preparation of Pd/ZSM-5 catalysts 
The Pd/ZSM-5 samples containing approximately 0.03 wt.% palladium were obtained by 
adding a 10 ml Pd(NO3)2 aqueous solution to the ZSM-5 suspension (1 g of ZSM-5 immersed 
in 10 ml DI water) and the mixture was stirred  at 353 K for 24 h. Subsequently, a 0.1-mmol/ml 
sodium borohydride aqueous solution was added to the Pd2+/ZSM-5 mixture under vigorous 
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stirring for 1 h at ambient temperature. The resulting products were washed, collected by 
centrifugation, and then dried overnight in a vacuum oven at 353 K. The synthesized Pd/ZSM-
5 catalysts were denoted PZ-X and PHZ-X (where X = 2, 1 and 0.1) for unmodified ZSM-5 
and modified stacking ZSM-5, respectively, where P, H and Z represent palladium, the stacking 
structure and ZSM-5, respectively. 
 
3.2.3 Characterization 
The X-ray diffraction (XRD) patterns of the samples were recorded using a Philips PW1700 
XRD instrument equipped with a Co-Kα radiation source. The specific surface area was 
measured via N2 adsorption/desorption measurements at 77 K using a Gemini VI surface area 
and pore size analyser. The metal dispersion on the catalysts was measured via CO 
chemisorption using a BELCAT II. Scanning electron microscopic (SEM) imaging and energy-
dispersive X-ray spectroscopy (EDS) analysis were performed using a JEOL 700F scanning 
electron microscope. The chemical compositions of Al, Si and Pd were measured with a Varian 
720 inductively coupled plasma optical emission spectrometry (ICP-OES) using an acid 
digestion method. 1H NMR and 13C NMR spectra were recorded in CDCl3 on a Bruker BioSpin 
GmbH 400 (400 MHz) spectrometer. The chemical shifts were referenced to residual 
chloroform (7.24 ppm) and reported in ppm. The consumption of starting material was 
monitored by thin layer chromatography (TLC) analysis on silica gel plates (GF254) visualized 
under UV light (254 and 365 nm).  
 
3.2.4 Catalytic Sonogashira coupling reaction 
Bromobenzene (0.3 mmol), phenyl acetylene (0.3 mmol), K2CO3 (0.33 mmol), solid catalyst 
(8 mg) and solvent (2 mL) were added to a round-bottom flask equipped with a magnetic 
stirring bar. The mixture was heated at 373 K in an oil bath with vigorous stirring for 24 h until 
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the starting materials were consumed completely as monitored by TLC. The reaction mixture 
was diluted with ethyl acetate and water, and then the organic layer was separated and washed 
with brine, dried over MgSO4, and concentrated in vacuum. The residue was purified on 
preparative TLC. The identification of products was conducted by using NMR measurements. 
For recycling, the Sonogashira coupling was conducted with phenylacetylene and 
bromobenzene under the same reaction conditions except using the recovered catalyst. The 
heterogeneous catalyst was recovered by filtration after reaction and washed with water and 
ethanol successively. The recovered catalyst was dried at 358 K overnight in an oven and ready 
for the next run. The turnover number (TON) was calculated based on GC analysis. 
 
3.3 Results and discussion 
3.3.1 Characterization of the synthesized samples 
The Si/Al ratios of the as-prepared ZSM-5 samples (Z-2, Z-1 and Z-0.1) are 26 to 31 based on 
the EDS measurements (Table 3.1). The XRD patterns of commercial zeolites with similar 
Si/Al ratios are compared in Fig. 3.1 (a). These patterns show that common ZSM-5 can 
withstand up to 1273 K calcination without significant loss of crystallinity, indicating that 1073 
K is an acceptable temperature for the synthesis of stacking ZSM-5. Fig. 3.1 (b) shows the 
XRD patterns of the synthesized Pd/stacking zeolite samples and their unmodified counterparts. 
The results confirm the phase purity and retention of crystallinity after hydraulic pressing and 
high temperature treatment. All samples consist of a crystalline MFI phase (refer to the ZSM-
5 simulated patterns). The XRD patterns also confirm that the Pd contents in all samples were 
very small and bulky Pd species were not present. It is noted that the intensity of sample PHZ-
0.1 is decreased compared with that of PZ-0.1, probably due to the lower thermal stability of 
nano-sized ZSM-5 particles compared to that of the micro-sized particles in PZ-1 and PZ-2. 
This result agrees with the conclusion reported by Wang et al. [46] that heat treatment at a 
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relatively low temperature has a negligible effect on the pore structure of zeolite samples, 
whereas the pore structure of zeolite significantly changes at relatively high temperatures. 
 
 
Fig. 3.1 XRD patterns of (a) commercial zeolites calcined from 873 to 1423 K and (b) the 








Table 3.1 The BET surface areas and Si/Al ratios of the stacking ZSM-5 and their counterparts. 
Samples SBET(m2/g)a Vp(cm3/g)b Si/Al(-)c 
Z-2 318 0.17 26 
HZ-2 294 0.16 28 
Z-1 303 0.16 26 
HZ-1 268 0.15 27 
Z-0.1 331 0.22 31 
HZ-0.1 118 0.08 37 
a BET surface area 
b pore volume calculated by t-plot. 
c measure by EDS 
 
Fig. 3.2 shows the SEM images of ZSM-5 units and their stacking counterparts. Images (a), (c) 
and (e) confirm that samples Z-2, Z-1 and Z-0.1 have a particle size of approximately 2 µm, 1 
µm and 0.1 µm, respectively. Images (b), (d) and (f) show the stacking ZSM-5 samples of HZ-
2, HZ-1 and HZ-0.1, which have a sponge-like topography consisting of a dimension of 
approximately 30 µm × 40 µm. Stacking zeolites are clearly displayed in images (b), (d) and 
(f), indicating that the stacking structure was successfully synthesized. Images (b) and (d) 
clearly show the micro-sized zeolite units that generated the “sponge stacking”, whereas image 
(f) shows that the stacking ZSM-5 that was made from nano-sized units has a rock shape 
topography, probably due to the partial damage to the nanoparticles, which caused some of 




Fig. 3.2 SEM images of (a), (c) and (e) are Z-2, Z-1 and Z-0.1, respectively; images (b), (d) 
and (f) are HZ-2, HZ-1 and HZ-0.1, respectively. 
 
The BET surface area and pore volume (Table 3.1) were generally comparable in all 
unmodified samples (Z-2, Z-1 and Z-0.1), among which the nano-sized Z-0.1 sample has the 
highest surface area of 331 m2/g. However, HZ-0.1 has the lowest surface area of 118 m2/g 
after the stacking modification, possibly due to the partial damage to the structure during 
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calcination at high temperature. This result is consistent with the XRD patterns which indicate 
that smaller particles are structurally less stable under high temperature. Moreover, the EDS 
results show that all stacking ZSM-5 samples underwent an increase in the Si/Al ratio. The 
increase in the Si/Al ratio is greater for nano-sized units than for micro-sized units, confirming 
that there is more leaching of Al species from nano-sized units than from micro-sized units 
during the high temperature treatment.  
The amount and strength of acidic sites of the stacking zeolites and their unit counterparts were 
characterized using the NH3-TPD method (Fig. 3.3). All NH3-TPD profiles except that of HZ-
0.1 exhibited two well-resolved NH3 desorption peaks, one at low temperature (near 483 K) 
and the other at high temperature (near 700 K). The low-temperature peak is ascribed to 
ammonia adsorbed on weak acid sites, and the high-temperature peak is attributed to the strong 
adsorption sites of ammonia [47]. The patterns show that all the unmodified zeolites (Z-2, Z-1 
and Z-0.1) contributed two peaks over a similar temperature range, which agrees with the 
finding that the crystal size of H-ZSM-5 zeolites has an insignificant influence on the acidic 
properties [48]. The patterns also show that both stacking ZSM-5s made from micro-sized units 
retained the acidic properties after modification, and even the intensity of the peaks was slightly 
decreased. However, for stacking ZSM-5 made from nano-sized units, no distinctive peaks are 
apparent; this outcome is consistent with the previous finding that the structure of nano-sized 
ZSM-5 was partially damaged during the high temperature process. The severe structural 
deterioration observed in HZ-0.1 (compared with HZ-2 and HZ-1) could be due to the lower 
crystallinity of nano-sized zeolite during the beginning stage of crystal growth, which results  
in a less stable structure that is more sensitive to heat treatment. In contrast, the micro-sized 
samples (HZ-2 and HZ-1) possess a relatively mature crystalline structure with higher thermal-
structural stability. Moreover, the lower acidity of nano-sized zeolites compared with that of 




Fig. 3.3 NH3-TPD results of Z-2, Z-1, and Z-0.1 and their stacking counterparts. 
 
CO-chemisorption (Table 3.2) results show that Pd particles that were loaded on stacking ZSM-
5 and their counterpart units have particle sizes ranging from 4.12 to 6.02 nm. Given the pore 
size of ZSM-5 is much smaller than 2 nm, most Pd particles are likely located on the surface 
of the ZSM-5 particles. The results also show that PHZ-2 and PHZ-1 undergo an obvious 
increase in metal dispersion and adsorption amount, whereas the particle size of the Pd that 
was loaded on them decreases, which can be ascribed to the hierarchical-resemblance 
properties generated during the stacking process. However, PHZ-0.1 showed the opposite 







Table 3.2 CO-chemisorption of synthesized Pd/stacking ZSM-5 and their unit counterparts.  
Catalysts Metal dispersion (%) Adsorption amount (cm3/g) Particle size (nm) 
PZ-2 20.26 0.14 5.53 
PHZ-2 27.21 0.21 4.12 
PZ-1 20.99 0.13 5.34 
PHZ-1 26.24 0.19 4.27 
PZ-0.1 23.98 0.19 4.68 
PHZ-0.1 18.62 0.15 6.02 
 
 
3.3.2 Catalytic performance in Sonogashira reactions 
Samples PHZ-1 and PHZ-2 showed an increased TON compared to their unmodified 
counterparts (Table 3.3). Specifically, the TON of the reaction increased more than 3-fold using 
PHZ-2 instead of PZ-2 and more than 2-fold using PHZ-1 instead of PZ-1. The large increase 
in the TON can be ascribed to the increase in the stability of the zeolite particle units associated 
with the stacking ZSM-5. The uniform stacking ZSM-5 is structurally stable and is able to 
immobilize Pd nanoparticles within the hierarchical structure, thereby preventing the active Pd 
nanoparticles from leaching during the reaction. In contrast, unstacked ZSM-5 particles tend 
to become large and irregular agglomerates during vigorous stirring in the liquid phase, which 
increased diffusion limitations and decreased accessibility to the Pd sites. Moreover, the higher 
catalytic performance of PHZ-2 than PHZ-1 agrees with the previous results that larger ZSM-
5 particle is structurally more stable at high temperature treatment during the stacking process, 
despite both micro-sized ZSM-5 units produced stacking structures that increased the TON 
greatly. Interestingly, nano-sized PZ-0.1 has the highest TON among the unmodified samples 
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(PZ-2, PZ-1 and PZ-0.1), but this value decreased by more than one half after the stacking 
modification, due to the partial damage to the structure during the high temperature calcination.  
 
Table 3.3 Reaction optimization and catalyst screening for the Sonogashira reaction of (I) 
phenyl acetylene with (II) bromobenzene.a 
 
Entry Catalyst Pd loading (μg/g)b Base Temp. (K) Solvent TON 
1 PZ-2 317.1 K2CO3 373 DMF 103 
2 PHZ-2 361.3 K2CO3 373 DMF 369 
3 PZ-1 287.0 K2CO3 373 DMF 61 
4 PHZ-1 335.1 K2CO3 373 DMF 151 
5 PZ-0.1 381.2 K2CO3 373 DMF 117 
6 PHZ-0.1 371.6 K2CO3 373 DMF 45 
a Reaction conditions: 8 mg of each catalyst, bromobenzene (0.3 mmol), phenyl acetylene 
(0.3 mmol), K2CO3 (0.33 mmol), solvent (2 mL) at 373 K for 24 h. 
b Measured using ICP. 
 
In Table 3.4, the substrate scope and functional group tolerance of PHZ-2 is examined (the 
NMR data are given in Appendix A). As demonstrated, neutral phenyl acetylene can react 
efficiently with electro-neutral and electron-deficient aryl bromides under the standard reaction 
conditions (Entry 1-4, Table 3.4). Apparently, aryl bromide with an electron-withdrawing 
group gave a better TON (Entry 2, Table 3.4). The o-substituted groups on aryl bromides 
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slightly decreased the yields of the desired products (Entry 3-4, Table 3.4) due to the steric 
effect. In contrast, cross coupling with electron-rich aryl bromides were not observed. Notably, 
the alkyne with an electron-donating group was also effectively transformed under these 
conditions (Entry 5, Table 3.4). These results indicate that the Pd/stacking ZSM-5 catalyst is 
applicable to Sonogashira reactions with a wide range of substrates involving different 
functional groups. 
 
Table 3.4 PHZ-2 catalyzed Sonogashira reaction of aromatic bromides with alkynesa. 
 
aReaction conditions: alkyne (0.3 mmol), phenyl bromide (0.3 mmol), K2CO3 (0.33 mmol) and 
solid catalyst (8 mg) in DMF (2 mL) at 373 K for 24 h. 
 
To check the reusability of the catalysts, the reaction of bromobenzene with phenyl acetylene 
was performed under the optimized reaction conditions. Fig. 3.4 shows the TON of each run 
for PHZ-2 (best performance among stacking ZSM-5 samples) and PZ-0.1 (best performance 
among unmodified ZSM-5 units). After each run, the samples were separated through a funnel, 
washed with water and ethyl acetate and dried in an oven at 358 K. The recovered samples 
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were used in the sample reaction for the following runs. Sample PHZ-2 retained a 70% activity 
after 4 runs, whereas the activity of PZ-0.1 decreased more than 50% after 4 runs, indicating 
the better stability and durability of the stacking ZSM-5 structure. The slightly decreased 
activity of PHZ-2 sample could be attributed to undesired by-products possibly generated 
during the reaction which either inhibit the coupling reactions or deactivate the Pd sites through 
irreversible adsorption under the tested conditions. However, it can be clearly seen that the 
inhibiting by-products have less influence on the performance of the reused stacking zeolite 
compared with the unstacked ones. The results clearly indicate that the stacking modification 
gives a robust hierarchical structure to zeolite that is reusable and can be separated readily from 
the liquid phase.  In addition, the catalytic performance of the reused catalyst, such as PHZ-2, 
is expected to be fully recovered by high temperature calcination before each recycling. 
Notably, during the recovery process, PZ-0.1 samples were clearly seen to agglomerate, 
whereas no obvious change for PHZ-2 was observed, which can be ascribed to the more stable 
structure generated by the stacking modification.  Fig. 3.5 shows the XRD patterns of the PHZ-
2 samples before and after 4 runs. The results show that there is no obvious change of 
crystallinity for sample PHZ-2 even after 4 reactions, indicating an excellent recyclability of 





Fig. 3.4 Sonogashira reaction of phenyl acetylene with bromobenzene over PHZ-2 and PZ-0.1 
for 4 runs. Reaction conditions: bromobenzene (1.5 mmol), phenyl acetylene (1.5 mmol), solid 
catalyst (40 mg), K2CO3 (1.65 mmol) and DMF (10 mL) stirred at 373 K for 24 h. 
 
 




A new type of stacking MFI consisting of Pd/stacking ZSM-5 was successfully synthesized. 
Three stacking zeolites were synthesized from ZSM-5 units with particle sizes of 100 nm, 1 
µm and 2 µm. These stacking zeolites and their unit counterparts were used as supports for 
loading Pd nanoparticles. The effectiveness of the as-prepared Pd/stacking ZSM-5 catalysts 
was probed in Sonogahsira coupling reactions. The Pd/stacking ZSM-5 synthesized from 
micro-sized units exhibited a 2- to 3-fold increase in Sonogashira coupling yield compared to 
that of their unit counterparts (the TON increased from 103 to 369 and 61 to 151 for samples 
HZ-2 and HZ-1, respectively), whereas the stacking made from nano-sized units exhibited a 
decrease in yield (the TON decreased from 117 to 45) due to partial damage caused by high 
temperature. The results also show that nano-sized ZSM-5 particles are structurally less stable 
than a micro-sized ones under a high temperature (>1073 K) environment, resulting in greater 
structure damage. The recycle tests showed improved durability for stacking ZSM-5 
synthesized from micro-sized particles than their unmodified counterparts, as sample PHZ-2 
retained more than 70% activity after 4 runs. The novel process of synthesizing stacking 
zeolites in this work sheds light on new routes for producing zeolite matrix on an industrial 
scale, which would greatly decrease the cost for binders that are used to link zeolite particles 
conventionally. The improved mass transfer properties due to the hierarchical-resemblance 
structure, the recyclability and the prolonged catalyst lifetime given by the stacking zeolite may 
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Chapter 4  
Structure-performance relationships of functionalized zeolites 
























The production of 5-hydroxymethylfurural (HMF) from biomass has attracted considerable 
research interest in recent decades because HMF is regarded as one of most promising platform 
compounds. HMF can be transformed to various derivatives, such as ethoxymethylfurfural, 
2,5-furandicarboxylic acid, furfuryl alcohol, dimethylfuran and 2,5-diformylfuran [1-3], which 
can be further upgraded into an extensive spectrum of commodity chemicals and products, i.e., 
medicines, polymers, resins, fungicides, and biofuels [4], The high market potential of HMF 
can be reflected by the forecasted increase in the global sales of biobased products from 75.4 
billion euros in 2010 to 431.8 billion euros in 2020 [5], This increase encourages the 
development of cost-effective systems for HMF production from fructose dehydration.  
Carbohydrates such as starch and cellulose can be converted to HMF via three steps, which are 
typically catalyzed by two type of acids, i.e., Brønsted acid and Lewis acid. These steps include 
(1) hydrolysis of glucan to glucose catalyzed by Brønsted acid; (2) isomerization of glucose to 
fructose mediated by Lewis acid; and (3) dehydration of fructose to HMF facilitated by 
Brønsted acid. In addition, side reactions such as HMF rehydration to levulinic acid and formic 
acid, polymerization among the intermediates, and over-reacting HMF to heterogeneous 
humins can simultaneously occur [6]. These side reactions inevitably decrease the yield and 
selectivity of HMF. The undesirable side reactions promoted by Brønsted and Lewis acids may 
vary depending on the acid strength and quantity [7-9]. Therefore, the key to achieving high 
HMF production is to promote the desirable reactions and suppress the undesirable pathways 
by adjusting the involved system components [4, 10]. 
Different homogenous and heterogeneous catalysts have been reported for carbohydrates 
dehydration, i.e., mineral acids [11], metal salts [12], phosphates [13], resins [14], biochars 
[15], graphene oxide [16], and zeolites [17-19]. Despite their excellent performance, 
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homogeneous acids have drawbacks, such as equipment corrosion, environmental pollution, 
and post-products purification, whereas heterogeneous catalysts have demonstrated promising 
merits, such as easy separation and reusability, which render them feasible for upscaled 
industry application. Resins usually struggle with poor thermal stability [20], while biochars 
have limited surface area to accommodate acid sites [15]. Using zeolite as a catalyst support 
may offer advantages including high hydrothermal stability, high surface area, tunable porosity, 
and easy regeneration from thermal treatment [14, 17]. Recent studies show that the 
modification of ZSM-5 achieved approximately 29% of HMF yield from catalytic conversion 
of standard glucose at 195 °C after 30 min, which was significantly higher than the 8% achieved 
by classic ZSM-5 without modification [17]. Similarly, acidic zeolite L has shown high 
efficiency for producing HMF from fructose in ionic liquid as the medium and it can be reused 
four times without a significant decrease in activity [18]. 
While tailoring the active sites in catalysts presents a possible way, engineering of the reaction 
medium shares equal importance for the selective promotion of desirable reactions. Although 
water and alcohols as a polar solvent and protic solvents, respectively, have been attempted for 
HMF production, the significant occurrence of side reactions including rehydration and 
polymerization substantially limit the HMF yield and selectivity. Studies have reported that 
water as the reaction medium promotes dehydration of HMF to acids and oligomeric products 
[21]. The use of alcohols facilitates the formation of fuel chemicals by consuming HMF via 
esterification [22]. As an economically viable and relative safe alternative, polar aprotic 
solvents enable selective production of HMF with a promising yield. For example, the HMF 
yield has been reported to substantially increase from 10 < to 31.6% during glucose conversion 
upon the addition of dimethyl sulfoxide (DMSO) at a molar fraction of 0.5 in the presence of 
CrCl3 as the catalyst [23]. The use of tetrahydrofuran (THF) as a cosolvent improved the HMF 
yield from 22 to 52-61% over AlCl3 catalyzed glucose conversion [24]. These solvents 
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competed with water to solvate the substrates and products in the immediate vicinity of the 
reactive function groups, which inhibits them from undesirable side reactions, according to the 
previous computational studies [25-26]. 
Although polar aprotic solvent-containing reaction media have been evaluated for catalytic 
production of HMF, the majority of previous studies focused on homogenous catalytic systems 
[23-24, 27-28]. Few studies on zeolite-based catalysts reported the use of one specific solvent, 
such as methyl isobutyl ketone (MIBK) [29], or one particular type of zeolites, such as BEA 
[30], with minimal focus on the catalyst-solvent interactions. Given that the understanding of 
the interplay between the solvent and the zeolite catalysts is important for process scale-up, we 
investigate and elucidate the effect of polar aprotic-water solvent systems on the fructose 
dehydration over zeolites with different functional features (i.e., structure, acidity and water 
affinity). The substrate concentration in this study resembled that obtained from food waste 
dollarization, which is suggested to be effective in previous studies. Four types of polar aprotic 
solvent, i.e., dimethyl sulfoxide (DMSO), acetone, -valerolactone (GVL), and propylene 
carbonate (PC), were selected as the organic phase based on their satisfactory performance 




Tetraethyl orthosilicate (TEOS, 98%), aluminum isopropoxide (>98%), tetrapropylammonium 
hydroxide (TPAOH, 1.0 M in H2O), sucrose (98%), ammonium hydroxide solution (28% NH3 
in H2O), and aluminum nitrate nonahydrate were purchased from Sigma-Aldrich Chemical Co. 
Sodium hydroxide and ethanol (EtOH, 99.5%) were purchased from Thermo Fisher Scientific. 
Sodium hypochlorite solution (12.5%) was purchased from Jasol. These chemicals were used 
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to synthesize zeolites and carbon black, which were employed for making hierarchical zeolites. 
PC (99%) and GVL (98%) were purchased from Alfa Aesar and Acros Organics, respectively. 
Acetone (99.5%) and DMSO (99.9%)—two common industrial solvents—were obtained from 
Duksan Pure Chemicals and RCI labscan, respectively. These chemicals were used to prepare 
the solvent-water mixture as a reaction medium. All chemicals were used as received. Zeolites 
of ZSM-5 (CBV2314), BEA (CP814E), hydrophilic Y (CBV300) and hydrophobic Y 
(CBV780) were supplied by Zeolyst International; they were denoted as Z5, BEA, Yphi, and 
Ypho, respectively. Z5, BEA, and Yphi were heat-treated at 550 °C for 10 h to generate acid sites 
from their ammonium forms. 
 
4.2.2 Sample preparations 
Synthesis of ZSM-5 with different particle sizes 
The synthesis of microsized ZSM-5 supports was similar to the reported method [31]. In a 
typical synthesis, 7.5 ml of TPAOH, 28 ml of DI water, and 27.9 ml of TEOS were sequentially 
added to a polypropylene (PP) bottle. The resulting mixture was placed in an incubator shaker 
(Labnet 311DS) at 25 °C for 24 h. A solution that contains 0.25 g of NaOH, 1.02 g of aluminum 
isopropoxide, 28 ml of DI water, and 7.5 ml of TPAOH were added to the mixture. The 
prepared mother gel was stirred at 25 °C for 3 h, followed by crystallization at 180 °C for 72 
h. The molar composition of the final gel was TPAOH:NaOH:Al(O-i-
Pr):SiO2:H2O=3:1:1:25:750. The solid product was subsequently washed 3 times with DI water 
and collected by centrifugation. The Na-ZSM-5 samples were obtained by calcination of the 
as-synthesized samples in a tube furnace at 550 °C (ramping rate of 1 °C/min from ambient 
temperature) for 10 h to remove the organic template. A similar procedure was used to make 
smaller-sized ZSM-5 crystals, with the exception that the hydrothermal treatment was 
performed for 42 h instead of 72 h. The synthesized ZSM-5 is denoted as SZ5-X (where X is 
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the particle size in micrometers, e.g., SZ5-2 and SZ5-1 are synthesized ZSM-5 samples with 
particle sizes of 2 µm and 1 µm, respectively.  
The nanosized ZSM-5 support was synthesized following the method reported by Mochizuki 
et al [32]. In a typical synthesis, 15 ml of TPAOH, 16 ml of DI water and 13.68 ml TEOS were 
sequentially added to a PP bottle. The resulting mixture was kept in an oil bath at 80 °C for 24 
h. A solution that contains 4 ml of DI water, 0.46 g of Al(NO3)39H2O and 0.24 g of NaOH 
was added to the mixture. The prepared mother gel was stirred at room temperature for 30 min, 
followed by crystallization at 170 °C for 24 h. The molar composition of the final gel was 
SiO2:Al2O3:TPAOH:NaOH:H2O=1:0.01:0.25:0.1:30. The solid product was subsequently 
washed 3 times with DI water and collected by centrifugation. The products were calcined 
using the previously mentioned method. The nanosized ZSM-5 was denoted as SZ5-0.1 (where 
-0.1 indicates that the average particle size is approximately 0.1 µm or 100 nm). 
  
Synthesis of hierarchical ZSM-5 by using hard template 
Carbon blacks as a hard template is well known for producing hierarchical zeolite with 
controlled porosity independent of their composition and structure [33]. The carbon black 
particles were synthesized following the method reported by Zhu et al [34]. In a typical 
experiment, 13.1 g of sucrose were dissolved in a mixture of ethanol, DI water and ammonium 
hydroxide solution. After stirring at 50 °C for 1.5 h, the mixed solution was hydrothermally 
treated at 180 °C for 2 d. The generated brown solid was crushed and treated in an N2 
environment at 850 °C for 5 h. The as-prepared carbon black was treated with sodium 
hypochlorite solution to obtain the hydrophilic property, as reported by Han et al [35]. 
Subsequently, 1 g of carbon black was added to 42 ml sodium hypochlorite solution, and the 
mixture was stirred under room temperature for 24 h, followed by centrifugation, washing and 
drying at 80 °C for 12 h. 
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The hierarchical ZSM-5 was synthesized by adding 1.8 g of as-prepared hydrophilic carbon 
black to ZSM-5 precursor solution that was used to synthesize the previously mentioned SZ5-
2. The mixture was stirred at room temperature for 24 h before being transferred to an autoclave. 
The remaining procedures were equivalent to the procedures for SZ5-2. The product is denoted 
as SZ5-2H (H represents the hierarchical structure). The produced samples, i.e., SZ5-0.1, SZ5-
1, SZ5-2, and SZ5-2H, were treated with 1 M NH4NO3 aq. at 80 °C for 5 h, followed by 
calcination at 550 °C for 10 h to generate H form ZSM-5 [36]. 
 
4.2.3 Characterization 
The X-ray diffraction (XRD) patterns of the samples were recorded using a Philips PW1700 
XRD instrument equipped with a Co-Kα radiation source. The specific surface area was 
measured via N2 adsorption/desorption measurements at -196 °C using a Gemini VI surface 
area and pore size analyzer. The samples were degassed at 200 °C for 12 h before analysis. 
Scanning electron microscopic (SEM) imaging and energy-dispersive X-ray spectroscopy 
(EDS) analysis were performed using a JEOL 700F scanning electron microscope. 
Transmission electron microscopy (TEM) images were recorded using a Philips CM-200. 
Temperature programmed desorption of ammonia (NH3-TPD) curves were obtained in the 
range of 100 - 750 °C with a ramping rate of 10 °Cmin-1 (BELCAT II). The adsorption of 
ammonia of the samples was performed at 100 °C, followed by ammonia removal in a flow of 
pure helium. 
 
4.2.4 Microwave-assisted Catalytic conversion 
The conditions of catalytic conversion of glucose and fructose were determined based on 
previous studies [27, 37]. Model sugar substrate (i.e., glucose or fructose) of 5 wt/v% was 
added to a mixture of organic solvent (DMSO, acetone, GVL, or PC) and water (1:1 v/v, 10 ml 
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in total) that contained 0.2 g zeolite samples. Mixtures without the addition of zeolites were 
also prepared as the control. For the catalytic reaction, the mixture was placed in a sealed vessel 
and heated to 160 °C with a ramp time of 5 min in the Ethos Up Microwave Reactor (Milestone, 
maximum power 1900 W). The same temperature was maintained for the catalytic reaction for 
1-40 min with magnetic stirring to achieve mixture homogeneity. After the conversion process, 
the vessel was cooled for 40 min with the assistance of mechanical ventilation, followed by 
centrifugation to separate the liquid and solid phases. The liquid phase was diluted with 
deionized (DI) water (1:3 v/v) and filtered through a mixed cellulose ester filter (0.45 µm) 
before product analysis. All trials were conducted in duplicate. 
 
4.2.5 Product analysis 
High-performance liquid chromatography (HPLC) was performed using the Chromaster 
(Hitachi) with a 5110 pump, 5210 autosampler, 5310 column oven, and 5450 refractive index 
(RI) detector. The HPLC system was equipped with an Aminex HPX-87H column (biorad) that 
operates at 50 °C. The mobile phase was 0.01 M H2SO4 at a flow rate of 0.5 mlmin
-1. Blank 
and spiked samples (i.e., standard compounds in DI water with known concentrations) were 
injected in each series of the HPLC analysis for quality assurance. The product yield and 
selectivity were calculated based on the carbon number (mol) as follows: 





 ×  100                                         (1)                           





 ×  100                                               (2) 
where 𝑃𝑓 is the concentration of the final products, i.e., fructose, glucose, HMF, levoglucosan, 
levulinic acid and formic acid; 𝑆𝑖 and 𝑆𝑓 are the initial concentration and final concentration, 
respectively, of sugars, i.e., fructose and glucose; 𝑛𝑝 and 𝑛𝑠 are the numbers of carbon in the 
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corresponding product and the substrate, respectively; and MW is the molecular weight of the 
compound. 
 
4.3 Results and discussion 
4.3.1 Physicochemical properties of catalysts 
The physical properties of the commercial zeolites and synthesized zeolites are listed in Table 
4.1 and Table 4.2, respectively. As shown in Table 4.1, all zeolites in this study have a three-
dimensional pore structure, and the BET surface area and large pore size of these zeolites 
decreased as the order of zeolite Y > BEA > MFI. This finding is partly attributed to the larger 
ring size of Y and BEA (i.e., 12) than that of MFI (i.e., 10). Although both zeolite Y and BEA 
are 12-membered ring zeolites, zeolite Y (7.35 × 7.35 × 7.35 Å) has a slightly larger pore size 
than BEA (5.95 × 5.95 × 5.95 Å) due to different ring connectivities and arrangements in the 
framework [38]. The Si/Al ratio between Z5 and BEA are comparable (Table 4.1) although 
they have different structures. Even though Ypho shares the same pore structure with Yphi, Ypho 
has a substantially higher Si/Al ratio than Yphi, which produces a higher water affinity of Yphi 
than Ypho [39], i.e., Yphi and Ypho are hydrophilic in nature and hydrophobic in nature, 
respectively. The Si/Al ratio is comparable in all synthesized SZ5 zeolites (Si/Al ~ 26-31 in 
Table 4.2). The slight increase in the Si/Al ratio of SZ5-2H compared with that of SZ5-2 may 
be attributed to the inevitable loss of Al atoms (and Si atoms to a lesser extent) from the 
framework after incorporation of mesopores by carbon templating. SZ5-2H has a higher 
external surface area (101 m2/g) and lower value of Vmicro/Vtotal (0.56) compared with SZ5-2 
(81 m2/g and 0.69), which indicates that the macro/meso porosity were successfully created in 
SZ5-2H by the use of carbon template during synthesis [34]. Note that the SZ5-0.1 has more 
mesopores observed than SZ5-2H, which is likely attributed to the formation of intracrystalline 
mesopores due to the random agglomeration among SZ5-0.1 particles.  
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Table 4.1 Physical properties of commercial zeolites tested in this study. 





2/g)c Si/Al ratio (-
)d 
Z5 MFI 10 4.7 425 11.5 
BEA BEA 12 5.95 680 12.5 
Yphi Y 12 7.35 925 2.6 
Ypho Y 12 7.35 780 40 
a,b According to the International Zeolite Association database. 
c,d Data are referred to SDS provided by Zeolyst International Co. 
 
 
Table 4.2 Physical properties of synthesized ZSM-5 zeolites. 
Catalysts Si/Ai ratio (-)a Sext (m
2/g)b Vmicro/Vtotal (-)
c 
SZ5-0.1 31 106 0.51 
SZ5-1 26 99 0.65 
SZ5-2 26 81 0.69 
SZ5-2H 28 101 0.56 
a Measured by EDS 
b BET external surface area calculated by t-plot. 
c Micropore volume calculated by t-plot. 
 
The XRD patterns of the synthesized zeolites, i.e., SZ5-0.1, SZ5-1, SZ5-2, and SZ5-2H, were 
illustrated in Fig. 4.1. The results confirmed that all synthesized samples have well-resolved 
peaks in the 5-35° characteristic for the MFI structure [40], which indicates that no bulky 
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carbon black templates were left inside the secondary porosities and the crystallinity was well 
preserved for SZ5-2H. Note that the first two peaks (approximately 2Ɵ = 9.2° and 10.3°) of 
SZ5-2H was slightly weaker than that of the SZ5-2, which suggests the loss of microporous 
channels due to the presence of meso/macro porosities [41]. 
 
Fig. 4.1 XRD patterns of the synthesized SZ5-0.1, SZ5-1, SZ5-2, and SZ5-2H samples. 
 
Fig. 4.2 shows the results of SEM analysis of the synthesized zeolites (SZ5-0.1, SZ5-1, SZ5-2, 
and SZ5-2H) and the commercial zeolites (Z5, BEA, Yphi, and Ypho). Figs. 4.2a to c confirmed 
that the particle size of the samples (along the b direction) is in ascending order: SZ5-0.1 (0.1 
µm) < SZ5-1 (1 µm) < SZ5-2 (2 µm). Fig. 4.2a also shows the agglomeration of SZ5-0.1 
particles. Conversely, Figs. 4.2b and c clearly show isolated particles, which indicates that the 
hierarchical channels were most likely generated inside the particles of SZ5-2H. As shown in 
Fig. 4.2d, SZ5-2H has a particle size similar to SZ5-2, while a distinct sponge-like topography 
was observed on the SZ5-2H particles, which is a characteristic feature of hierarchical zeolites 
[34]. The hierarchical single crystal exhibited coffin-like morphology that is typical of MFI 
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structured crystals and amorphous structures are not observed, which is consistent with the 
XRD patterns (Fig. 4.1). The morphology of SZ5-2H in this study was similar to that previously 
reported by Jacobsen et al. [33], which utilized commercial carbon black as a solid template. 
Fig. 4.3 shows the TEM images of the crystals in SZ5-2 (Figs. 4.3a and b) and SZ5-2H (Figs. 
4.3c and d). Compared with SZ5-2, where an intact particle is observed, SZ5-2H that was 
produced using a carbon template shows blur bulk body and fringe with more light penetration, 
which can indicate the formation of a cavity, i.e., pores and/or channels. The morphology of 
SZ5-2H resembles that of the previously reported hierarchical zeolite Y prepared from 
acid/base-treated zeolites [42]. The commercial zeolites of Figs. 4.2e to h show less regular 
topography, while Yphi (Fig. 4.2g) and Ypho (Fig. 4.2h) show relatively smoother surfaces than 
those of Z5 (Fig. 4.2e) and BEA (Fig. 4.2f) and have heterogeneous particle sizes in the range 





Fig. 4.2 SEM images of synthesized zeolites, (a) SZ5-0.1, (b) SZ5-1, (c) SZ5-2, and (d) SZ5-
2H; commercial zeolites (e) Z5, (f) BEA, (g) Yphi, and (h) Ypho. 
 












Fig. 4.3 TEM images of (a) and (b) SZ5-2; (c) and (d) SZ5-2H. 
 
NH3-TPD analysis of the synthesized and commercial zeolites revealed that they possessed 
three types of acid sites: acid site type 1 was detected between 100 to 290 °C, acid site type 2 
was detected between 290 to 550 °C, and acid site type 3 was detected between 550 to 730 °C, 
as shown in Table 4.3. The peak at high temperature was assigned as the desorption of ammonia 
adsorbed on Brønsted acids and/or Lewis acids, whereas the peak at low temperature is 
assigned as that of ammonia adsorbed on non-acidic -OH groups or ammonium cations [43]. 
Since stronger acidity is associated with a higher desorption temperature [18], type 3 acidity is 
expected to be more effective for acid catalysis. A smaller amount of type 3 acidity for MFI 
zeolites, i.e., synthesized SZ5 samples and commercial Z5 (0.022 to 0.085 mmol NH3g
-1), 
compared with that for BEA (0.107 NH3g
-1) and Y (0.209 to 0.421 NH3g
-1). The total acidity 
of the zeolite samples generally increases with a decrease in the Si/Al ratio (Appendix B; Fig. 
1 µm 100 nm





S1), which is consistent with the results reported by [44]. The lower total acidity of SZ5-0.1 
(Si/Al = 31) than that of Ypho (Si/Al = 40) is likely due to the agglomerations (Fig. 4.2a) that 
randomly blocked pore entrances. The total acidity of SZ5-2H is slightly lower than that of 
SZ5-2, which is likely attributed to the generation of macro/meso porosity, which was evident 
by the previous study by Han et al. [35], which indicated that the acid properties of hierarchical 
ZSM-5 can be simply regulated by introducing carbon black. Although the total acidity of Ypho 
was lower than that of BEA, the type 3 acid sites of Ypho was two times higher than that of 
BEA, which indicates that the acid strength of Ypho was potentially stronger than that of BEA. 
The total strong acidity (type 3 in Table 4.3) of the commercial zeolites descends the order as 
Yphi > Ypho > BEA > Z5. 
 
Table 4.3 Acidity measurements from NH3-TPD. 
Catalyst Si/Al 
ratio 












Total acid sites 
(mmol NH3g
-1) 
SZ5-0.1 31 0.074 0.027 0.022 0.123 
SZ5-1 26 0.196 0.195 0.043 0.434 
SZ5-2 26 0.221 0.248 0.080 0.549 
SZ5-2H 28 0.230 0.222 0.085 0.537 
Z5 11.5 0.412 0.251 0.084 0.747 
BEA 12.5 0.404 0.166 0.107 0.677 
Yphi 2.6 0.788 0.394 0.421 1.603 






4.3.2 Dehydration of fructose 
Conversion of glucose/fructose over zeolites in aqueous phase 
The conversion of glucose was examined for all zeolite samples in water singular solvent. Fig. 
4.4 shows that the conversion of glucose over all zeolites was limited, and only a small amount 
of fructose was produced, which was likely attributed to the lack of Lewis acid that was 
reported to catalyze the isomerization of glucose to fructose [45], even though water can 
facilitate this reaction by acting as a proton shuttle [46]. Note that the glucose conversion for 
SZ5-2H was approximately 9.0% higher than that for SZ5-2, while the fructose yield was 
similar, which indicates that more byproducts were generated for hierarchical SZ5-2H 
compared with microporous SZ5-2. This outcome is likely due to the meso/macro porosity of 
SZ5-2H, which enabled larger molecules to be produced inside the channels of SZ5-2H. BEA 
showed the highest glucose conversion and fructose yield among all commercial zeolites and 
synthesized zeolites. The notable formation of fructose suggested the possible presence of 
Lewis acid in BEA, which catalyzes the isomerization of glucose to fructose. Jacob et al. [30] 
reported that the robust performance of H-BEA-18 catalyzed glucose-to-fructose isomerization 
and its reverse were caused by the octahedral aluminum atoms that act as Lewis acids either 
within the framework at lattice defect sites or as extraframework Al, that these sites were 
formed during calcination and were stable under reaction conditions and that they were capable 
of catalyzing some unknown side products. The HMF was produced over Yphi zeolite for 
glucose conversion, which indicates that more Brønsted acidity was present of Yphi zeolites 
than that of the remaining zeolites (Z5, BEA, Ypho), which was consistent with the results of 
the NH3 adsorption test in Table 4.3, where Yphi had the largest amount of type 3 acid sites. 
However, the hydrophilic nature of Yphi likely inhibited glucose conversion to some extent due 
to competition between water and glucose molecules for the acid sites during the reaction [47], 




Fig. 4.4 Carbon distribution of glucose conversion in the presence of synthesized and 
commercial zeolites (conditions: 5 wt/v% glucose and 0.2 g zeolite catalyst in DI H2O at 160 
oC for 20 min; the red solid line represents the highest glucose conversion).  
 
The conversion of fructose was conducted over all synthesized and commercial zeolites for the 
same condition as the glucose conversion. As shown in Fig. 4.5, all samples showed an increase 
in fructose conversion from 10.5 to 76.6%, while the HMF yield ranged from 2.4 to 16.1%. 
These results showed that the dehydration of fructose was substantially more active than 
isomerization of glucose, which suggests that Brønsted acid was the dominated acid for all 
tested zeolites, due to the well-known mechanism in which Lewis acid catalyzes glucose 
isomerization, while Brønsted acid catalyzes fructose dehydration [4]. The fructose conversion 
over the SZ5-0.1, SZ5-1 and SZ5-2 samples showed a similar HMF yield (2.4 to 3.0%), which 
indicates that the particle size of zeolites was an insignificant factor for HMF production. 
However, the fructose conversion over SZ5-0.1, SZ5-1 and SZ5-2 was different from 10.5 to 




the higher amount of strong acidity facilitated more fructose conversion. In addition, fructose 
conversion over SZ5-2H (28.9%) was greater than that of SZ5-2 (22.4%), while the HMF yield 
was slightly changed from SZ5-2 (2.9%) to SZ5-2H (4.2%), which indicates that a larger 
number of side products were produced from hierarchical zeolites that have meso/macro 
porosities; this result was consistent with glucose conversion (Fig. 4.4) and the observation 
reported by [48]. Note that BEA had a fructose conversion of 76.6%, which was the maximum 
of all tested zeolites, while the HMF yield was only 16.1%. This finding indicates that the side 
reactions (i.e., rehydration and polymerization) were dominated over BEA zeolites, which can 
be evidenced by the formation of levulinic acid, formic acid and furfural; they have a total yield 
of 13.0%, which was the largest among all tested zeolites. These results were consistent with 
the previous report that Brønsted acid and Lewis acid promote these undesirable side reactions 
to various extents depending on their strength [7]. Yphi and Ypho showed a comparable fructose 
conversion of 29.2% and 25.3%, respectively. However, the HMF yield over Ypho (10.1%) was 
almost twice that of Yphi (6.4%), which indicates that the hydrophilicity of Yphi inhibited the 
HMF yield in water. Even though Yphi had the strongest acidity (Table 4.3), the existence of 
abundant water may isolate the effective interaction between the substrate and acid sites. Since 
the synthesized zeolites showed a lower glucose/fructose conversion when compared with 




Fig. 4.5 Carbon distribution of fructose conversion in the presence of synthesized and 
commercial zeolites (conditions: 5 wt/v% fructose and 0.2 g zeolite catalyst in DI H2O at 160 
oC for 20 min; c in red represents fructose conversion, y in blue represents HMF yield). 
 
Dehydration of fructose over zeolites in polar aprotic-water system 
To investigate the effect of binary solvents, especially polar aprotic solvent and properties of 
zeolites (structure, acidity, and water affinity), on fructose conversion and HMF yield, the 
fructose conversion was conducted over commercial zeolites (Z5, BEA, Yphi, and Ypho) in four 
polar aprotic solvent mixtures, as shown in Fig. 4.6. The highest fructose conversion, HMF 
yield and HMF selectivity was obtained over Ypho zeolite in DMSO/H2O medium, which were 
72.4%, 49.2% and 68.0%, respectively (Fig. 4.6a). In addition, the highest HMF yield over 
Ypho was attained in the medium of acetone/H2O and PC/H2O, which was 11.2% and 24.5%, 
respectively, and the highest HMF selectivity was attained in these solvent mixtures, which 
were 47.6% for acetone/H2O and 40.0% for PC/H2O, as shown in Figs. 4.6b and d. When using 




















(21.0%), while Ypho (55.2%) had considerably higher HMF selectivity than that of Yphi (37.3%), 
as shown in Fig. 4.6c. These results revealed that Ypho had the most stable and active 
performance among all tested mixtures, which was likely attributed to its strong acidity (type 
3 acidity from Table 4.3) and hydrophobic nature. Even though Yphi (0.421 mmol NH3g
-1) has 
twice the strong acidity (type 3 acid sites from Table 4.3) than that of Ypho (0.209 mmol NH3g
-
1), Ypho showed a better total HMF yield and selectivity than that of Yphi, indicting the 
hydrophilic nature of Yphi, which impeded the HMF formation due to a better affinity of water 
to the acid sites compared with the organic phase. This impedance limited the interactions 
between the acid sites and the organic solvents, where the fructose can dissolve more readily 
in the organic phase than in the water phase [29]. Z5 showed the lowest fructose conversion in 
the mixtures of acetone/H2O (11.1%), GVL/H2O (26.2%) and PC/H2O (27.8%), as shown in 
Figs. 4.6b, c and d, while it showed the second lowest fructose conversion (23.3%) in the 
DMSO/H2O medium, which is likely attributed to the smaller porosity of Z5 (4.7 × 4.46 × 4.46 
Å) than that of BEA (5.95 × 5.95 × 5.95 Å) and Y (7.35 × 7.35 × 7.35 Å). Despite the similar 
Si/Al ratio (11.5-12.5, Table 4.1) and comparable strong acidity (0.084-0.107 mmol NH3g
-1, 
Table 4.3) between Z5 and BEA, the fructose conversion over BEA was 8-41% higher than Z5 
depending on the reaction mixtures. This result suggested that the acid sites in Z5 may not be 
accessible due to the unfavorable porosity, which highlights the latter as a prerequisite for high 
catalytic activity. These results were consistent with the research findings that indicated that 
fructose conversion can occur inside the microspores of zeolites but zeolites with smaller pore 
sizes tended to have more initial diffusion limitations [29]. Z5 showed high HMF selectivity in 
all mixtures, i.e., 55.3% in DMSO/H2O, 30.8% in acetone/H2O, 55.4% in GVL/H2O, and 34.7% 
in PC/H2O, which may be attributed to the smallest porosity of Z5 and caused the reaction that 
occurred on the external surface at initial stage over Z5. This reaction decreased the reaction 
time between the fructose molecules and zeolites and limited the further secondary 
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transformations that would consume HMF to undesired side products [48]. The total catalyst 
activity and stability in the tested conditions were increased on the order of Z5 < BEA < Yphi 
< Ypho. 
In addition to the catalyst—the fructose conversion—solvent characters may have an important 
role on HMF yield and HMF selectivity to various extents. Recent studies suggested that 
solvents can promote the formation of reactive tautomer of fructose and xylose for enhancing 
the dehydration reaction [49-50]. Among the investigated binary solvents, the fructose 
conversion was the lowest in acetone/H2O, in which heat transfer can be hindered due to the 
particular low dielectric constant and dipole moment of acetone that disfavored microwave 
adsorption (Table 4.4). The HMF yield significantly increased when DMSO/H2O was 
employed compared with water singular solvent over Z5, BEA, and Ypho zeolites. In particular, 
the HMF yield was increased by 6.3%, 18.9% and 39.1% for Z5, BEA and Ypho, respectively 
(Fig. 4.6a). However, the HMF yield over Yphi remained constant as before (6.4%) and after 
the DMSO addition (5.8%), which was likely due to the water layer that separated the organic 
phase from the active sites of Yphi zeolites [29]. The HMF yield has increased over Yphi by the 
addition of acetone, GVL and PC when compared with water singular solvent by 4.8%, 14.6% 
and 11.7%, respectively (Fig. 4.6b, c and d), which can be ascribed to the lower polarity of 
these solvents than that of DMSO (Table 4.4). The HMF selectivity was considerably increased 
after the addition of organic solvents, especially in the presence of DMSO, which increased the 
HMF selectivity by 38.3%, 34.7%, 12.2%, and 27.9% for Z5, BEA, Yphi, and Ypho when 
compared with their performance in singular water. These results were consistent with the 
research that revealed that the addition of organic solvent promoted the HMF selectivity and 
suppressed byproducts formation to different extents in the presence of SnCl4 as the 
homogenous catalysts [27-28]. The total solvent performance in terms of HMF yield and HMF 
selectivity increased from acetone < PC < GVL < DMSO in the tested conditions. The relative 
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significance should be evaluated via spectroscopic analysis and modeling to acquire detailed 
understanding on the local environmental of the substrate and the catalyst in different solvent 
systems.  
 
Fig. 4.6 Fructose conversion (blue), HMF yield (orange) and HMF selectivity (grey) for the 
commercial zeolites in polar aprotic-water binary solvent systems of (a) DMSO/H2O, (b) 
acetone/H2O, (c) GVL/H2O, and (d) PC/H2O. (Conditions: 5 wt/v% fructose and 0.2 g zeolite 

















































































Table 4.4 Physicochemical propertiesa of different solvents. 
Solvent Density (g/ml) DEb DMc Polarity (π*)d 
Acetone 0.78 20.7 2.91 0.71 
DMSO 1.09 46.7 3.96 0.94 
GVL 1.04 36.4 5.3 0.83 
PC 1.2 64 4.9 0.83 
Water  1 78.5 1.85 1.09 
aExtracted from [28, 51, 52]. 
bDielectric constant (DE). 
cDipole moment (DM) in D units. 
dKamlet-Taft solvatochromic π* scale. 
 
Conversion over zeolites in the DMSO-water system 
The kinetic study was conducted for Z5, BEA, Yphi, and Ypho in the medium of DMSO/H2O 
due to the most robust performance of DMSO among the tested organic solvents that were 
observed in the last section. DMSO is also regarded as one of the most commonly employed 
organic solvents for fructose dehydration [53]. Previous computational studies of solvent-water 
mixtures reported the favorable arrangement of DMSO molecules near the hydroxyl group of 
glucose and fructose, which generated an improvement in desirable reactions [26]. The 
preferable coordination between DMSO and the carbonyl group of HMF, where the off-path 
rehydration polymerization was triggered, was also reported [25]. The HMF yield increased 
and fructose steadily decreased because the fructose dehydration proceeds over time, as shown 
in Fig. 4.7. The HMF concentration continued to increase in response to the consumption of 
fructose and attained the plateau of 49.2% at 20 min in the presence of Ypho (Fig. 4.7d). A lower 
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plateau was also indicated for BEA of 35.0% at 20 min (Fig. 4.7b). No plateau was observed 
for the catalyzed fructose conversion of Z5 and Yphi, and the HMF yield over Z5 and Ypho was 
only 24.9% and 16.5%, respectively, even at 40 min. These results suggested that the positive 
relation between the HMF yield and strong acidity of zeolites as Ypho > BEA > Z5 (type 3 
acidity in Table 4.3), with the exception that Yphi has the largest amount of strong acidity (type 
3 acidity in Table 4.3) but showed the lowest HMF yield over 40 min. These results confirmed 
that hydrophilicity was one of the key factors that impeded the HMF formation over Yphi. In 
addition, the HMF selectivity showed the same trend as the HMF yield, as shown in Fig. 4.8, 
i.e., Ypho > BEA > Z5 > Yphi, which can be attributed to same factors, i.e., water affinity and 
strong acidity. In addition, note that HMF selectivity over Ypho was 50% within 1 min, while 
no HMF was detected for Z5, BEA, and Yphi in the same time period, which suggests the higher 
activity, HMF selectivity and stability of Ypho. The kinetic study confirmed that the high 
selectivity toward desirable reactions can be attributed to the favorable coordination among the 





Fig. 4.7 Carbon distribution during the fructose conversion in the medium of DMSO/H2O over 
zeolites of (a) Z5, (b) BEA, (c) Yphi, and (d) Ypho. (Conditions: 5 wt/v% fructose and 0.2 g 




























































































Fig. 4.8 HMF Selectivity during the fructose conversion in the medium of DMSO/H2O over 
zeolites of (a) Z5, (b) BEA, (c) Yphi, and (d) Ypho. (Conditions: 5 wt/v% fructose and 0.2 g 
zeolite catalyst in solvent mixture (1:1 v/v) at 160 oC for 1 to 40 min) 
 
4.4 Conclusions  
This study elucidates the relationship and the effects of different organic solvents and zeolites 
with different characteristics (i.e., structure, acidity and water affinity) on fructose dehydration 
to HMF. The synthesized MFI zeolites and commercial zeolites were employed as acid 
catalysts for the glucose/fructose conversion, in the medium of water and water-organic 
mixtures, i.e., DMSO/H2O, acetone/H2O, GVL/H2O and PC/H2O. Specifically, the relative role 
of heterogeneous chemistry (both solvent and zeolite-induced) was delineated during fructose 
dehydration. The HMF yield is independent of particle size for the same type of zeolite. The 
secondary porosity that was introduced by carbon templates, however, significantly influenced 
the glucose/fructose conversion due to enlarged channels that enabled the formation of large 




























types and organic/water mixtures promoted fructose conversion differently. The total catalyst 
activity and stability increase on the order Z5 < BEA < Yphi < Ypho. The total solvent 
performance on the HMF yield and selectivity increase on the order acetone < PC < GVL < 
DMSO. Particularly, the highest fructose conversion (72.4%) and HMF yield (49.2%) were 
achieved in the DMSO/H2O mixture in the presence of Ypho as the catalyst. The superior 
activity and stability of Ypho were attributed to the strong acidity and the hydrophobic nature 
of the catalyst. The DMSO/H2O mixture was also determined to efficiently suppress the 
formation of byproducts. The kinetic study further confirmed that the high HMF selectivity can 
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Chapter 5  
Increasing Resolution of Selectivity in Alkene Hydrogenation via 
Diffusion Length in Core-shell MFI zeolite 
 
 
The work in this chapter was published as Jia X., Jeong Y., Baik H., Choi J. and Yip ACK. (2018) 
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Zeolites are crystalline aluminosilicates with periodic arrangements of pores or channels in the 
microporous range (typically less than 1.5 nm). Their unique structures/topologies, 
thermal/mechanical stabilities, high specific surface area, ion-exchange capacities, superior 
catalytic activity and shape-selectivity have been widely used in refinery and petrochemical 
industries [1]. In particular, ZSM-5 (a MFI type zeolite which is the easiest to be synthesized 
in industrial scale) has attracted considerable research interest in recent years since it has been 
used as a catalyst for the first methanol-to-gasoline (MTG) process by Exxon Mobil [2, 3]. The 
thermally stable, interconnected 10-membered ring channels allow ZSM-5 and its supported 
catalysts to be highly selective in hydrocarbon conversions [4-8], nitrogen oxides (NOx) 
reduction [9-11], as well as other important industrial applications such as methanol-to-propene 
(MTP), N2O decomposition, Fenton’s reaction and photocatalytic reactions [12-20]. In addition, 
the para-selectivity of ZSM-5 has been demonstrated in selective formation of p-xylene over 
its isomers (o-xylene and m-xylene) in which the pore size of ZSM-5 only allows product 
molecules with specific pore size and shape to leave the framework [21-23]. Nevertheless, high 
reactant and product selectivities of zeolite based on pore size only prevail when the molecules 
are very distinct in terms of size and structure, for example, linear olefins and aromatics. 
Selectivity to reactants with similar molecular size and shape, such as 1-hexene and 1-heptene, 
however, usually are not distinguishable.  
In zeolite-catalyzed reactions, reactant molecules diffuse into the pores and reach the active 
sites inside the channels, and the chemical reactions proceeds, followed by diffusion of product 
molecules into the bulk phase from zeolite pores. Therefore, the relation between reaction rate 
and diffusivity of reactant and product molecules within zeolite pores strongly affect activity 
and product selectivity of reactions [24]. To design porous catalysts using the chemical reaction 
engineering approach, the Thiele modulus (ø) and effectiveness factor, expressed as a function 
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of Thiele modulus, are used [25, 26]. The Thiele modulus for zeolite with a slab shape can be 
expressed as [27, 28]: 
                                                             ø = L√𝜌𝑘/𝐷𝑒𝑓𝑓                                                         (1) 
where, L is the diffusion length of catalyst (half thickness of the slab), k is the reaction rate 
constant of catalytic reaction, ρ is the density and Deff is the effective diffusivity of the 
molecules.  Using the Thiele modulus, catalytic reactions with a porous catalyst have been 
classified into three types [25]: (1) reaction-control conditions (ø<0.1), (2) diffusion-control 
conditions (ø>5), and (3) transition conditions (0.1<ø<5; between reaction-control and 
diffusion-control conditions). Under the reaction-control conditions, active sites (acid sites) 
within the zeolite are fully utilized during reaction. In contrast, under diffusion-control 
conditions, less than 20% of active sites near the external surface of the zeolite are used. For 
the effective use of the selectivity caused by diffusion within the zeolite channels, the reaction 
should be conducted under diffusion control conditions. Since the Thiele modulus (ø) has a 
linear relation with the diffusion length of the catalyst (L), as shown in Eq. (1)., we herein 
propose a potential way to achieve high resolution of reactant/product selectivity using a core-
shell ZSM-5 structure resulted from zeolite overgrowth [29-31]. 
Successful overgrowth of the zeolite shell layer and its thickness in the core-shell structure 
strongly depends on the Si/Al ratio and the crystal size and shape of the composite core [32-
34]. Specifically, due to the layer-by-layer mechanism of zeolite crystal growth [35], the outer 
layer growth can only occur after the completion of the inner layer, suggesting a theoretical 
foundation that the core-shell structure is indeed possible and the core-shell zeolite crystal will 
grow uniformly as the shell layers build on. In this work, we successfully synthesized silicalite-
1/Pd/ZSM-5 core-shell catalyst with different thickness of silicalite-1 layer formed from 
secondary crystallization on the Pd/ZSM-5 core. The catalytic performance of the core-shell 
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silicate-1/Pd/ZSM-5 catalysts in hydrogenation of 1-hexene, 1-heptene and cyclohexene was 
examined. We demonstrated herein a strong correlation between the diffusion length and the 




Tetraethyl orthosilicate (TEOS, 98%), aluminum isopropoxide (>98%), tetrapropylammonium 
hydroxide (TPAOH, 1.0 M in H2O), palladium nitrate dihydrate (approximately 40% Pd basis), 
sodium borohydride (99%), 1-hexene (>99%), 1-heptene (97%) and cyclohexene (99%) were 
purchased from Sigma-Aldrich Chemical Co. Sodium hydroxide and ethanol (EtOH, 99.5%) 
were purchased from Thermo Fisher Scientific.  Ethyl acetate (99%) was purchased from J.T. 
Baker. Instrument grade hydrogen and argon were purchased from BOC. Deionized (DI) water 
was prepared by a lab-based water-purification apparatus and was used to prepare all required 
samples and solutions. All chemicals were used as received without any further treatment. 
 
5.2.2 Sample preparation 
In a typical synthesis, 7.5 ml of TPAOH, 28 ml of DI water and 27.9 ml of TEOS were added 
sequentially to a polypropylene (PP) bottle. The resulting mixture was put into an incubator 
shaker (INFORS HT Multitron) at 298 K for 24 h. Thereafter, the solution containing 0.26 g 
of NaOH, 1.02 g of aluminum isopropoxide, 28 ml of DI water and 7.5 ml of TPAOH was 
added to the mixture. The prepared mother gel was stirred at 298 K for 3 h, followed by 
crystallization at 453 K for 42 h. The molar composition of the final gel was 
TPAOH:NaOH:Al(O-i-Pr)3:SiO2:H2O = 3:1:1:25:750. The solid products were subsequently 
washed 3 times with DI water and collected by centrifugation. Finally, the Na-ZSM-5 samples 
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were obtained by calcination of the as-synthesized sample in a tube furnace at 823 K (ramping 
rate of 1 K/min from ambient temperature) for 10 h to remove the organic template.  
The Pd/ZSM-5 core containing approximately 2.0 wt% palladium was obtained by adding a 5-
ml Pd(NO3)2 aqueous solution to the ZSM-5 suspension (0.5 g of ZSM-5 immersed in 5 ml DI 
H2O) and the mixture was stirred for 24 h at ambient temperature. Subsequently, a 0.1-mmol/ml 
sodium borohydride aqueous solution was added to the Pd2+/ZSM-5 mixture under vigorous 
stirring for 1 h at ambient temperature. The resulting products were washed and collected by 
centrifugation, and then dried overnight in a vacuum oven at 353 K. 
The core-shell S-1/Pd/ZSM-5 was synthesized following the method report by Miyake et al. 
[36]. The precursor solution was first prepared according to the molar ratio of 
SiO2:TPAOH:EtOH:H2O = 1:0.06:16:180. This solution was stirred at 298 K for 18 h and was 
divided equally into 5 portions. Equal amount of Pd/ZSM-5 was then added to each portion of 
silica precursor solution. After 20-minute of mixing in an incubator shaker, all these 5 solutions 
were transferred to 5 Teflon-lined autoclaves and hydrothermally treated at 403 k for 1 day to 
5 days (one autoclave was taken out each day). The S-1/Pd/ZSM-5 core-shell products were 
washed by DI water and collected by centrifugation, followed by calcination in a tube furnace 
at 823 K (ramping rate of 1 K/min from ambient temperature) for 5 h. The samples were 
donated as SZ-X, where X is from 1 to 5 representing samples produced from hydrothermally 








The X-ray diffraction (XRD) patterns of the samples were recorded using a Philips PW1700 
XRD instrument equipped with a Co-Kα radiation source. The specific surface area was 
measured by N2 adsorption/desorption measurements at 77 K using a Gemini VI surface area 
and pore size analyzer. The metal dispersion on catalysts was measured by CO chemisorption 
technique using BELCAT II. Scanning electron microscopy (SEM) images were obtained 
using a JEOL 700F scanning electron microscope. Transmission electron microscopy (TEM) 
images were obtained using Tecnai G2 F30ST field emission TEM. In addition, scanning 
transmission electron microscopy (STEM) images and the corresponding energy dispersive X-
ray spectroscopy (EDX) elemental mapping images of Si, Al, and Pd were obtained by using 
FEI XFEG-Titan themis3 Double Cs & Mono. TEM. For TEM analysis, the Pd/ ZSM-5 
particles were dispersed in a solvent (water) and then 3–4 drops of the suspension were dropped 
onto a copper TEM support grid. Chemical compositions of Al, Si and Pd were measured by a 
Varian 720 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) using an 
acid digestion method.  
 
5.2.4 Catalytic alkene hydrogenation 
Catalytic alkene hydrogenation was conducted in a temperature-controlled batch reactor [37-
39]. In a typical process, given amount of catalyst (Pd/ZSM-5, SZ-1, SZ-2, SZ-3, SZ-4, or SZ-
5) was dispersed in 4 ml of ethyl acetate solvent under stirring. Then, 2 mmol of 1-hexene and 
2 mmol of cyclohexene were added to the catalyst/solvent mixture under vigorous stirring. 
After the reactor was flushed several times with hydrogen (H2) to remove the residual air, the 
reactor was filled with H2 to 137.9 kPa. The reaction was then conducted at 308 K for 24 h 
under stirring (350 rpm). After the reaction, the catalyst was separated by centrifugation and 
the filtrate was analyzed using a gas chromatograph (GC) equipped with a capillary column 
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(Rxi-5Sil, 30 m × 0.25 mm × 0.25 um) and a flame ionization detector. Same experimental 
procedures were followed for hydrogenation of 1-hexene and 1-heptene. Kinetic data was 
collected by terminating the reaction at 4 h, 8 h, 12 h, 16 h and 20 h. Adsorption tests were 
done by replacing H2 with Argon (Ar) under the same experimental conditions as alkene 
hydrogenation. In this report, the conversion (X) and selectivity (S) are defined as follows:  
                                           𝑋 =  
𝑎𝑙𝑘𝑎𝑛𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑎𝑙𝑘𝑎𝑛𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑+𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑎𝑙𝑘𝑎𝑛𝑒
                                           (2) 
                                  𝑆 =
𝑡𝑎𝑟𝑔𝑒𝑡𝑒𝑑 𝑎𝑙𝑘𝑎𝑛𝑒 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑎𝑙𝑙 𝑎𝑙𝑘𝑎𝑛𝑒𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
                                                          (3)                                             
                                                                    
5.3 Results and discussion 
5.3.1 Characterization of the synthesized samples 
The Si/Al ratio of as-prepared ZSM-5 substrate is 31, and the Pd/ZSM-5 contained 1.9 wt% Pd 
based on the ICP measurement. Fig. 5.1 shows the XRD patterns of the synthesized uncoated 
Pd/ZSM-5 sample, along with coated SZ-1, SZ-2, SZ-3, SZ-4 and SZ-5 samples. The results 
show no amorphous silica and impurities present in the samples other than an MFI structure 
(refer to the S-1 and ZSM-5 simulated patterns), indicating that the secondary growth of the S-
1 shell was successfully performed on the Pd/ZSM-5 core between 1 and 5 days of 
crystallization. The XRD pattern also confirmed that Pd contents in all the samples were very 
small and bulky Pd species were not present.  It is noted that the intensity of the first two peaks 
(approximately 2θ = 9.2° and 10.3°) of Pd/ZSM-5 is slightly lower compared with ZSM-5 due 
to the presence of Pd as the charge balancing cations [40]. Furthermore, the results of ICP 





Fig. 5.1 XRD patterns of the synthesized Pd/ZSM-5, SZ-1, SZ-2, SZ-3, SZ-4 and SZ-5 samples. 
 
The BET surface area and pore volume (Table 5.1) were generally comparable on all samples 
even after the S-1 coating was processed for 5 days. The slightly lower BET surface area of the 
SZ-1 (290 m2/g) could be attributed to some minor defects in the interface between ZSM-5 
core and S-1 shell formed during the first coating. The BET surface area, however, started to 
increase slightly after the first coating, which is consistent with the results reported by Li et al. 
[41]. Fig. 5.2 shows the relationship between the product yields as a function of crystallization 
time (from 1 to 5 days) of Pd/ZSM-5 in the presence of S-1 precursor. The trend of increasing 
zeolite product yield over time is consistent with the result reported by Cundy et al. where a 
positive linear relationship was observed between  zeolite growth yield and crystallization time 
[42], indicating the size of MFI zeolite crystal increased as the S-1 shell thickens from 1 to 5 









Pd/ZSM-5 301 0.12 0.020 
SZ-1 290 0.11 0.015 
SZ-3 305 0.12 0.010 
SZ-5 308 0.12 0.009 
a BET surface area, b pore volume calculated by t-Plot, c measured by ICP. 
 
 
Fig. 5.2 Yield of MFI zeolite as a function of secondary crystallization time. 
 
Fig. 5.3 shows the SEM images of Pd/ZSM-5 particle and core-shell S-1/Pd/ZSM-5 particles 
with different shell thickness made from different crystallization time (SZ-1 to SZ-5). 
Overgrowth of silicalite-1 was observed with gradual increase of crystallite size and 
morphological change as S-1 layers built up. The dimension of the crystal increased from 























5.3d), which is in good agreement with the report of Miyamoto et al. [21] that the S-1 layer is 
extremely thin along the a and b directions and had grown rapidly in the c direction. After the 
initial S-1 coating, a uniform crystal growth was observed in all SZ samples. S-1 was also 
found to grow epitaxially on the Pd/ZSM-5 core in the same way as the S-1-coated ZSM-5 
reported in literature [43].  Interestingly, the first coating layer of silicalite-1 appeared to be 
well-oriented on the ZSM-5 surface. This is consistent with the results reported by Vu et al. 
[23] that oriented growth of silicalite-1 crystals was found along the surface of ZSM-5 core 
specifically at the early stage of hydrothermal synthesis. Under this condition, the silicalite-1 
channels are likely to be connected continuously to the ZSM-5 pores. On the other hand, Figs. 
5.3c to 3f show that the top S-1 crystal layers formed after the second coating tend to be 
randomly oriented. Furthermore,  the ICP results (Table 5.1) confirm that the proportion of Si 
content increased as the outer layers built up, suggesting that the surface of Pd/ZSM-5 crystals 
are fully covered by S-1 layers with MFI zeolitic structure. Besides, Fig. 5.3 (e) and (f) shows 
that the size dimension of SZ-4 and SZ-5 was very close (both of them are around 10.5 × 4.7 
um), also indicating that the crystallization reached equilibrium at this source gel atmosphere  
in 5 days’ time period resulted in S-1 shell stopped growing on Pd/ZSM-5 core. The reason of 
SZ-5 still gained weight that showed in Fig. 5.2 was because of few S-1 crystals started forming 
independently from the time period of SZ-4 to SZ-5, even though the number of S-1 particles 




Fig. 5.3 SEM images of (a) Pd/ZSM-5 and (b to f) core-shell S-1/Pd/ZSM-5 (SZ-1 to SZ-5) 
synthesized from different from secondary crystallization time (1 to 5 days). 
 
An examination on potential dissolution and recrystallization of the ZSM-5 core during the 
synthesis process of S-1 layers was conducted by hydrothermally treating the ZSM-5 core with 
an alkaline precursor solution (a mixture of TPAOH, EtOH and water) in the absence of silica 
source (TEOS). The SEM images in Fig. 5.4 show that there was neither apparent change in 
ZSM-5 morphology nor crystal size after the hydrothermal test. Therefore, it is confirmed that 








secondary crystallization in which the S-1 layers emerge. The same results were reported by 
Miyamoto et al. [21].  
 
Fig. 5.4 SEM images of (a) Pd/ZSM-5 and it’s hydrothermally threated without Si source for 
(b) 1 day (c) 3 days and 5 days. 
 
The metal dispersions (measured by chemisorption of CO) in ZSM-5, Pd/ZSM-5, SZ-3 and 
SZ-5 samples were presented in Table 5.2. While Pd/ZSM-5 gives the highest dispersion (> 
50%) of metal, SZ-3 and SZ-5 with increasing thickness of S-1 shell exhibit a significant 
decrease in metal dispersion to 22.5% and 20.7%, respectively. This is so because more inert 
(Si) surface is contributed by the S-1 shell (compared with Pd/ZSM-5), which results in the 
decrease of the Pd/Si ratio over single SZ particles and, thus, the lower metal dispersion. This 




Table 5.2 The Metal dispersion and CO adsorption amount of the core-shell MFI zeolite 
Catalysts Metal dispersion (%) Adsorption amount 
(cm3/g) 
ZSM-5 - 0.03 
Pd/ZSM-5 52.4 0.31 
SZ-3 22.5 0.15 
SZ-5 20.7 0.07 
 
Analysis of SZ particles using TEM is not possible because of the thickness of the shell (in 
micron size). Nevertheless, TEM images of the Pd/ZSM-5 core (Fig. 5.5) reveal that the size 
of Pd particles in the ZSM-5 core are approximately 3–4 nm. Large agglomerates of Pd with a 
size of 30–40 nm are also observed (STEM images in Fig. 5.6). Since the typical free aperture 
of ZSM-5 is approximately 0.45–0.60 nm, active Pd are most probably existed as nanoparticles 
and are located on the external surface of the ZSM-5 core. We intend to use Focused Ion Beam-
Scanning Transmission Electron Microscopy (FIB-STEM) to further characterize the core-





Fig. 5.5 TEM images of Pd/ZSM-5. 
 
 
Fig. 5.6 STEM and EDX mapping of Pd/ZSM-5. 
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5.3.2 Selective catalytic alkene hydrogenation 
Given the average pore size of MFI zeolites was approximately 5.6 Å [39], liquid-phase 
hydrogenation of 1-hexene (1.7 Å), 1-heptene, and cyclohexene (4.2 Å) [44] were used as probe 
reactions to evaluate the core-shell effect of S-1/Pd/ZSM-5 on reactant/product selectivties 
because these molecules are small enough to diffuse through the pores of the S-1 shell without 
serious impediment. The kinetic diameter of 1-hexene and 1-heptene are considered 
comparable but much smaller than that of cyclohexene. Pd/ZSM-5 without the S-1 layer (or 
the core of S-1/Pd/ZSM-5) was also tested for alkene hydrogenation under the same conditions 
as a reference. Table 5.3 shows the catalytic activities of ZSM-5 and Pd/ZSM-5 in 
hydrogenation of 1-hexene, 1-heptene and cyclohexene. It is apparent that the pure ZSM-5 
gives zero conversion in hydrogenation, while the Pd/ZSM-5 catalyst without S-1 shell gives 
100% conversion of -hexene, 1-heptene and cyclohexene their respective alkanes in 24 h, 
confirming that Pd is the only active specie within the zeolite that is responsible for 
hydrogenation. Moreover, Pd/ZSM-5 also gives approximately 99% conversion of 1-hexene 
and cyclohexene when an equimolar mixture of 1-hexene and cyclohexene was added as a 
reactant. This result suggests that the probed alkene hydrogenation catalyzed by Pd/ZSM-5 is 
non-selective and that both surface Pd and the Pd located inside the ZSM-5 substrate are 
accessible by 1-hexene and cyclohexene. Nearly complete alkene conversion (> 99%) were 
also achieved for equimolar mixture reactants of 1-hexene/1-heptene and 1-
heptene/cyclohexene. It is worth noting that the three sets of hydrogenation experiment for 
equimolar mixtures of 1-hexene/cyclohexene, 1-hexene/1-heptene and 1-heptene/cyclohexene 
(Table 5.3) were conducted under 206.8 kPa of hydrogen, which is  in excess of what is 










1-hexene 1-heptene cyclohexene 
1-hexenea ZSM-5 0 - - 
1-heptenea ZSM-5 - 0 - 
cyclohexenea ZSM-5 - - 0 
1-hexenea Pd/ZSM-5 100 - - 
1-heptenea Pd/ZSM-5 - 100 - 
cyclohexenea Pd/ZSM-5 - - 100 
1-
hexene/cyclohexeneb 
Pd/ZSM-5 >99 - >99 
1-hexene/1-hepteneb Pd/ZSM-5 >99 >99 - 
1-
heptene/cyclohexeneb 
Pd/ZSM-5 - >99 >99 
aReaction performed at 308 K for 24 h under 137.9 kPa of H2 in 4.0 ml ethyl acetate. 
bReaction performed at 308 K for 24 h under 206.8 kPa of H2 in 4.0 ml ethyl acetate. 
 
The effect of the core-shell MFI design on alkene selectivity was investigated by hydrogenation 
of equimolar mixtures of 1-hexene/cyclohexene and 1-hexene/1-heptene liquid phase. Fig. 5.7a 
and b show that the conversion and selectivity of 1-hexene and cyclohexene over Pd/ZSM-5, 
SZ-1, SZ-2, SZ-3, SZ-4 and SZ-5 catalysts, respectively.  In the absence of the S-1 shell (i.e. 0 
day of secondary crystallization), the conversion of both 1-hexene and cyclohexene by 
Pd/ZSM-5 are the same at 94%. As the thickness of the S-1 layers increased, the conversion of 
cyclohexene decreased notably to 12% while the conversion of 1-hexene remain as high as 79% 
with SZ-5 catalyst. Since the kinetic diameter of both 1-hexene (1.7Å) and cyclohexene (4.2 
Å) are smaller than the pore size of the S-1 shell (5.6 Å), molecular sieving or size exclusion 
properties of zeolite are not deemed to be responsible for the high selectivity of 1-hexene over 
cyclohexene achieved. The S-1 shell layer offers a diffusional path through which the reactants 
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are restricted by mass transfer limitations. The diffusion rate of cyclohexene from the 
outermost surface of the S-1 shell layer to the Pd active sites inside the Pd/ZSM-5 core is 
significantly slower than the diffusion rate of 1-hexene due to the its large molecular size and 
weight. Fig. 5.7b shows the selectivity of 1-hexene over cyclohexene increased from 50% in 
the absence of S-1 shell to 87% (SZ-5) as the diffusion length increased due to increasing 
thickness of the S-1 layer.  The results confirm that the competition between the two reacting 
alkenes for the Pd active sites becomes much more favorable to 1-hexene by the controllable 
core-shell zeolite design.    
 
Fig. 5.7 Hydrogenation of 1-hexene and cyclohexene catalyzed by Pd/ZSM-5, SZ-1, SZ-2, SZ-
3, SZ-4 and SZ-5: (a) conversion of 1-hexene and cyclohexene (b) selectivity of 1-hexene over 
cyclohexene. 
 
To further confirm the important role of diffusive length within the core-shell zeolite on the 
selectivity of reactants with similar size and shape. A reactant mixture consists of equimolar of 
1-hexene and 1-heptene was examined under the same experimental procedure as 1-
















































size except 1-heptene has one more alkyl at the far end. Both of their molecular size are much 
smaller than the pore size of MFI zeolites.  
Fig. 5.8a shows that 1-hexene and 1-heptene reached almost the same conversion (82-85%) 
over Pd/ZSM-5 in the absence of S-1 shell layer. The conversion of 1-heptene decreased 
notably to 51% over the SZ-5 catalyst, while the conversion of 1-hexene still kept at 
approximately 83%. Fig. 5.8b further shows the selectivity of 1-hexene over 1-heptene 
gradually increased from 49% to 63% as the S-1 shell layer emerges from Pd/ZSM-5 to SZ-4. 
This is so because 1-heptene (98.2 g/mol) has a slightly larger molecular weight than 1-hexene 
(84.2 g/mol), which leads to a slower diffusion rate along the S-1 shell channel. The difference 
between the diffusion rate of 1-hexene and 1-heptene can be seen from the adsorption kinetic 
obtained in argon for the mixture of 1-hexene and 1-heptene over SZ-3 catalyst (Fig. 5.9). The 
fact that adsorption of 1-hexene (32.9%) is significant higher than that of 1-heptene (9.7%) 
after 24 h on SZ-3 reflects a faster diffusion rate with 1-hexene over 1-heptene through the S-
1 shell layer. Moreover, it is worth noting that the enhancement of selectivity towards 1-hexene 
over 1-heptene requires a longer diffusion length to prevail in the S-1 shell (i.e. a larger 
thickness in the shell is required) compared with the previous experiment with 1-
hexene/cyclohexene as reactants (Fig. 5.7). These results suggest that the cut-size or the 
distinguishability of similar molecules are strong dependent on the shell thickness which is 
controllable in the catalyst synthesis. Moreover, given the conversions of 1hexene (Figs. 5.7 
and 5.8a) in the hydrogenation tests were remained at above 80% overall from SZ-0 to SZ-5, 
the particle size of Pd located in the ZSM-5 core is likely to be maintained without significant 
change during or after secondary crystallization. Otherwise, apparent decrease in conversions 
of all accessible reactants (including 1-hexene) would be expected due to attrition or reduction 
of active Pd surface. In addition, small amount of randomly oriented crystals started to emerge 
from SZ-2 to SZ-5 (Fig. 5.3), indicating potential minor defects could be resulted during the 
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development of S-1 layers. These small defects, however, did not affect the S-1 shell selectivity 
towards light olefins, given the selectivity towards light olefins was increasing from SZ-2 and 
SZ-5 for both hydrogenations of 1-hexene/cyclohexene (Fig. 5.7b) and 1-hexene/ 1-heptene 
(Fig. 5.8b). It is worth to note that the slight decrease in conversions of both reactants from SZ-
4 to SZ-5 were probably due to random blockage or coverage of pores by single S-1 particles, 
which obstructed the passage of reactants to the zeolite. This is in agreement with the images 
shown in Fig. 5.3e and f where the crystal growth reached equilibrium from SZ-4 and after 
which S-1 single particles started to develop. The hydrogenation of co-fed 1-hexene and 1-
heptene confirms further that the compactness and thickness of the outer S-1 shell is able to 
increase the resolution in zeolite selectivity between molecules with similar size and shape. 
 
 
Fig. 5.8 Hydrogenation of 1-hexene and 1-heptene catalyzed by Pd/ZSM-5, SZ-1, SZ-2, SZ-3, 




















































Fig. 5.9 Adsorption kinetic of 1-hexene and 1-heptene over SZ-3 over 24 h under argon with 
stirring at 350 rpm. 
 
The reaction kinetic of 1-hexene/1-heptene hydrogenation over SZ-4 is shown in Fig. 5.10. It 
can be seen that the conversion of 1-hexene and 1-heptene was comparable in the first 12 h. 
The difference in conversions, however, gradually increased after 12 h and resulted in 74% and 
43% conversions of 1-hexene and 1-heptene, respectively at 24 h. This result indicates that the 
contribution of diffusion length towards reactant selectivity given by the S-1 shell (and its 
thickness) is more significant at low reactant concentrations in which smaller molecules 
possess a faster mass transfer rate in the zeolite microporous channel relative to larger 































Fig. 5.10 Reaction kinetic of 1-hexene/1-heptene hydrogenation over SZ-4. 
 
5.4 Conclusions 
A new type of core-shell MFI catalyst consists of Pd/ZSM-5 as an active core and silicalite-1 
(S-1) layer with variable thickness as the shell was successfully synthesized. The effectiveness 
of the core-shell design on increasing the resolution of selectivity in alkene hydrogenation, 
particularly to reactants with very similar size and shape, was investigated. The core-shell S-
1/Pd/ZSM-5 exhibited preferential selectivity to 1-hexene over cyclohexene or 1-heptene in 
liquid phase hydrogenation as the S-1 layers built up. In this study, we conceptually 
demonstrated a strong correlation between the thickness of the S-1 shell layer and the 
selectivity towards light alkenes due to faster mass transfer rate. It is concluded that the core-
shell structure in this work is a feasible design that allows ZSM-5 supported catalysts to be 
highly selective in reactions in which the molecular size of the reactants are smaller than the 
aperture of MFI zeolite. Mapping of the molecular cut-size of the core-shell MFI zeolite (e.g. 
C2/C3, C3/C4, C5/C6 alkene pairs) against the diffusion length (thickness) of the S-1 shell layer 
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Chapter 6  
Development of new Anti-humidity Palladium-based core-shell 























Ethylene is known as one of several plant growth regulators, and it plays a very important role 
in many physiological process in plants [1]. The influence of ethylene on plants includes seed 
germination and growth, abscission, fruit ripening and senescence etc. [2-4]. Ethylene can 
diffuse into and out of plant tissues from both endogenous and exogenous sources. Endogenous 
ethylene is an essential part of climacteric fruits, while the application of exogenous ethylene 
is commonly employed for trigging some fruits such as banana with uniformed ripening [5]. 
However, in order to decrease the loss caused by over-ripening in transit or storage, most 
commercial strategies for fresh products are commonly focused on minimizing the ethylene 
production or avoiding exposure to ethylene [6]. The removal of ethylene and/or inhibition of 
the effect of ethylene in stored environments, hence is the key to maintaining postharvest 
quality of the climacteric products.  
Various methods of ethylene control have been studied extensively. 1-methylcyclopropene (1-
MCP) is one of the most commonly used commercial ethylene inhibitors in market, which can 
block ethylene binding sites, however, it only works on few type of horticultural products and 
may cause side-effects on products [5]. In addition, potassium permanganate (KMnO4) as the 
oxidizing agents also can manipulate the ethylene concentration by oxidation of ethylene to 
CO2 and water, but it has drawback of low resistance to high relative humidity (RH) that 
decreasing its long-term efficiency [7]. Ventilation is an economic and non-toxic method, 
however, it is not applicable in sealed environments, such as controlled atmosphere or some 
packaging formats [8]. In comparison, ethylene sorbents are alternative materials to control 
ethylene concentration with high efficiency and recyclability, including activated carbon, clay 
and zeolites, which have been reported as ethylene scavenger, due to their high surface area. 
Among all these sorbents available, zeolites has additional merits such as uniformed porous 
structure, thermal/mechanical stability, ion-exchange capacities, and tunable water affinity (i.e. 
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hydrophobicity and hydrophilicity) [9]. It has been reported the noble metals promoted zeolites 
showed improved ethylene removal efficiency than plain zeolites [7, 8], yet the introduced 
metal particles may block some the zeolite channels, resulted in the potential loss of the 
ethylene scrubbing ability of the complex. On the other hand, it has been reported that 
palladium (Pd) promoted ethylene adsorbent had an approximately 10-fold ethylene uptake 
increasing under dry conditions (low %RH) compare to 100% RH environment, indicating the 
negative influence of water molecule on palladium [7]. In a real life application, the high RH 
environment is unavoidable for fresh products storage, thus the utilization of pd promoted 
sorbent with high water tolerance still remain unsolved.  
Silicalite-1 is a MFI type zeolite with great hydrophobicity and has been extensively studied 
over last decades [10-12]. In this work, we designed a new palladium based core-shell zeolite 
structure with nano-sized ZSM-5 core and silicalite-1 (S-1) shell. The Pd particles were 
introduced in the nano-sized ZSM-5 core with ion-exchange method before the S-1 shell was 
built up. The S-1 shell was synthesized with different layer thickness by prolonged secondary 
crystallization time. We herein demonstrated a new type of ethylene scavenger with MFI core-




Tetraethyl orthosilicate (TEOS, 98%), aluminum isopropoxide (>98%), tetrapropylammonium 
hydroxide (TPAOH, 1.0 M in H2O), palladium nitrate dihydrate (approximately 40% Pd basis), 
sodium borohydride (99%), and aluminum nitrate nonahydrate were purchased from Sigma-
Aldrich Chemical Co. Sodium hydroxide and ethanol (EtOH, 99.5%) were purchased from 
Thermo Fisher Scientific. Instrument grade Ethylene was purchased from BOC. Deionized (DI) 
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water was prepared by a lab-based water-purification apparatus and was used to prepare all 
required samples and solutions. All chemicals were used as received without any further 
treatment. Commercial zeolites ZSM-5 (CBV2314), BEA (CP814E), and Y (CBV300) were 
supplied by Zeolyst International.  
 
6.2.2 Sample preparation 
The nano-sized ZSM-5 core was synthesized following the method reported by Mochizuki et 
al. [13]. In a typical synthesis, 15 ml of TPAOH, 16 ml of DI water and 13.68 ml TEOS were 
added sequentially to a PP bottle. The resulting mixture was kept in an oil bath at 80 oC for 24 
h. Thereafter, a solution containing 4 ml of DI water, 0.46 g of Al(NO3)39H2O and 0.24 g of 
NaOH  was added to the mixture. The prepared mother gel was stirred at room temperature for 
30 min, followed by crystallization at 170 oC for 24 h. The molar composition of the final gel 
was SiO2:Al2O3:TPAOH:NaOH:H2O=1:0.01:0.25:0.1:30. The solid product was subsequently 
washed 3 times with DI water and was collected by centrifugation. Finally, the Na-ZSM-5 
samples were obtained by calcination of the as-synthesized sample in a tube furnace at 550 oC 
(ramping rate of 1 oC/min from ambient temperature) for 10 h to remove the organic template. 
The Pd/ZSM-5 core containing approximately 5.27 wt% palladium was obtained by adding 10 
ml Pd(NO3)2 aqueous solution to the ZSM-5 suspension (1.0 g of ZSM-5 immersed in 10ml DI 
H2O), and the mixture was stirred at 80 
oC for 24 h. Subsequently, a 0.1-mmol/ml sodium 
borohydride aqueous solution was added to the Pd2+/ZSM-5 mixture under vigorous stirring 
for 1 h at ambient temperature. The resulting products were washed and collected by 
centrifugation, and then dried overnight in a vacuum oven at 80 oC. The similar procedures, 




The core-shell S-1/Pd/ZSM-5 was synthesized following the method report by Miyake et al. 
[14]. The precursor solution was first prepared according to the molar ratio of 
SiO2:TPAOH:EtOH:H2O =1:0.06:16:180. This solution was stirred at 25 
oC for 18 h and was 
divided equally into 5 portions. Equal amount of Pd/ZSM-5 was then added to each portion of 
silica precursor solution. After 5 h of mixing in an incubator shaker, all these 5 solutions were 
transferred to 5 Teflon-lined autoclaves and hydrothermally treated at 130 oC for 1 day to 5 
days (one autoclave was taken out each day). The S-1/Pd/ZSM-5 core-shell products were 
washed by DI water and collected by centrifugation, followed by calcination in a tube furnace 
at 550 oC (ramping rate of 1 oC/min from room temperature) for 5 h. The samples were donated 
as SZ-X, where X is from 1 to 5 representing samples produced from hydrothermally treated 




The X-ray diffraction (XRD) patterns of the samples were recorded using a Philips PW1700 
XRD instrument equipped with a Co-Kα radiation source. The specific surface area was 
measured by N2 adsorption/desorption measurements at -196 
oC using a Gemini VI surface 
area and pore size analyzer. The metal dispersion on catalysts was measured by CO 
chemisorption technique using BELCAT II. Scanning electron microscopy (SEM) images were 
obtained using a JEOL 700F scanning electron microscope. Transmission electron microscopy 
(TEM) images were recorded using a Philips CM-200. Chemical compositions of Al, Si and 
Pd were measured by a Varian 720 Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES) using an acid digestion method. Thermogravimetric analysis (TGA; 
SDT Q600) was conducted to check the humidity tolerance ability as the temperature increased 
from room temperature to 300 oC at a ramping rate of 2 oCmin-1 under N2 atmosphere. 
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6.2.4 Ethylene adsorption measurement 
Ethylene adsorption test was conducted by using the system [15] as shown in Fig. 6.1. The 
samples were pretreated under vacuumed environment at 200 oC for 12 h. A known weight of 
the samples was placed into the sample chamber. To remove any residual gases from the 
samples during the transfer, valves V-01, V-04, and V-05 were opened to dynamic vacuum 
(<0.1 torr) for 2 h. Immediately after degassing, valves V-01 and V-04 were closed, and the 
feed volume filled with approximately 1 bar (14.5 psi) of the ethylene to be measured (by 
opening V-02 or V-03). Valve V-04 was then opened for 1 s, filling the sample chamber with 
the ethylene. Valve V-04 was then closed, the pressure decrease in the sample chamber was 
measured over time until a constant pressure (𝑃𝑓 ) was observed. The pressure difference, 
corrected for the empty cell, (Equation 1) was used to calculate the amount of ethylene 
adsorbed by the sample in units of molgas (Equation 2). The amount of gas adsorbed was then 
normalized by the amount of sample. Each measurement was repeated 3 times for each sample 
(i.e. cycled), and the average values and standard deviations were reported. Between 
measurements, degassing was achieved by opening valves V-01, V-04 and V-05 to dynamic 
vacuum (<0.1 torr) for 2 h. 
∆𝑃 = 𝑃𝑖 − 𝑃𝑓 − ∆𝑃𝐵𝑙𝑎𝑛𝑘 
∆𝑃𝐵𝑙𝑎𝑛𝑘 = 𝑃𝑖(𝑒𝑚𝑝𝑡𝑦) − 𝑃𝑓(𝑒𝑚𝑝𝑡𝑦) 





Equation 2: 𝑛𝑔𝑎𝑠 = moles of gas adsorbed; V = volume of the sample chamber and pipelines 





Fig. 6.1 The experimental set up for measurement of gas adsorption using the pressure drop 
method. Where V, PT, and T are valve, pressure sensor, and gas tank, respectively. 
 
6.2.5 Humidity pre-treatment 
Humidity pre-treatment was processed through a well-sealed beaker with certain amount of DI 
water. Open-mouthed vials with Pd/ZSM-5 and SZ samples were put inside the beaker before 
it was sealed. The samples were pretreated under vacuumed environment at 200 oC for 12 h. 
The ratio of sample/DI water inside the beaker is from 2 mg/ml to 7.5 mg/ml regarding different 
test. The well-sealed beaker was placed on a hotplate and kept for 2 to 5 h at 50 oC. Thereafter 
the samples were tested by TGA to check the amount the water been absorbed, and the samples 






























6.3 Results and discussion 
6.3.1 Characterization of the synthesized samples 
The Si/Al ratio of as-prepared ZSM-5 substrate is 28, and the Pd/ZSM-5 contained 5.27 wt% 
Pd based on ICP measurement. Fig. 6.2 shows the XRD patterns of the synthesized uncoated 
Pd/ZSM-5 sample, along with coated SZ-1, SZ-2, SZ-3, SZ-4 and SZ-5 samples. The results 
show no amorphous silica and impurities present in the samples other than an MFI structure 
(refer to the ZSM-5 simulated patterns), indicating that the secondary growth of the S-1 shell 
was successfully performed on the Pd/ZSM-5 core between 1 and 5 days of crystallization. The 
XRD patterns also confirmed that Pd contents in all the samples were very small and bulky Pd 
species were not present. It is worth noting that the decreased intensity of the ZSM-5 after 
loading of Pd, including Pd/ZSM-5 and SZ-X samples, could be attributed to the presence of 
Pd as the charge balancing cations [16]. Furthermore, the results of ICP measurement (Table 
6.1) shows that the Pd/Si ratio decreased as the silicalite-1 shell layer built up.  
 
Fig. 6.2 XRD patterns of the synthesized Pd/ZSM-5, SZ-1, SZ-2, SZ-3, SZ-4 and SZ-5 samples. 
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The BET surface area and pore volume (Table 6.1) were greatly increased on the S-1 coated 
samples (SZ-1, SZ-3 and SZ-5) compare to uncoated ones (ZSM-5 and Pd/ZSM-5), which 
could be attributed to the newly generated channels by the S-1 shell. The slightly lower BET 
surface area of Pd/ZSM-5 (318 m2/g) than plain ZSM-5 (326 m2/g) likely due to the Pd nano 
particles that generated inside the ZSM-5 channels. It is worth noting that the surface area 
gradually increased over SZ-1 to SZ-3 samples, while the surface area started to decrease on 
SZ-4 and SZ-5 samples, which could be due to the growth of S-1 layers reached equilibrium at 
this source gel atmosphere in 3 days’ time period coating, resulted in the S-1 shell slowed down 
the growing speed on Pd/ZSM-5 core, and S-1 particles started to generated independently, 
which may randomly covered on the SZ-4 and SZ-5 particles and blocked the channels.  
 




ZSM-5 326 0.22 - 
Pd/ZSM-5 318 0.20 0.212 
SZ-1 415 0.24 0.050 
SZ-3 473 0.27 0.023 
SZ-5 410 0.23 0.019 
a BET surface area 
b pore volume calculated by t-Plot 
c measured by ICP. 
 
Fig. 6.3 shows the SEM images of Pd/ZSM-5 nano particles and core-shell S-1/Pd/ZSM-5 
particles with different shell thickness made from different crystallization time (SZ-1 to SZ-5). 
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Overgrowth of S-1 was observed with gradual increase of crystallite size and morphological 
change as the S-1 layers built up. The dimension of the crystal increased from 0.1 × 0.1 × 0.1 
µm to 1.8 × 0.8 × 0.3 µm, resulting in a hexagonal shape, which is agreed with our previous 
work [9] and the study reported by Miyamoto et al. [17]. After the initial S-1 coating, a uniform 
crystal growth was observed in all SZ samples. S-1 was also found to grow expitaxially on the 
Pd/ZSM-5 core in the same way as the S-1 coated ZSM-5 reported in literature [18]. In addition, 
the layer-by-layer growth mechanism was clearly showed in Fig. 6.3c that a smooth layer 
overgrown above inner layers. It is worth noting that the coating layers of S-1 appeared to be 
well-oriented on the ZSM-5 core, due to all the coated samples showed relative smooth 
morphology and no rough appearance has been observed. Under this condition, the S-1 
channels are likely to be connected continuously to the pores of ZSM-5 core. Furthermore, the 
ICP results (Table 6.1) confirmed that proportion of Si content increased as the outer layers 
built up, suggesting that the surface of Pd/ZSM-5 crystals are fully covered by S-1 layers with 
MFI zeolitic structure. Besides, Fig. 6.3 also shows that the growth rate of SZ particles’ 
dimension is faster in SZ-1 to SZ-3 than that in SZ-3 to ZS-5, suggesting S-1 layers likely 
reached equilibrium at this gel condition, agreed with BET surface area of SZ-4 and SZ-5 





Fig. 6.3 SEM images of (a) Pd/ZSM-5 nano particles and (b to f) core-shell S-1/Pd/ZSM-5 
(SZ-1 to SZ-5) synthesized from different secondary crystallization time (1 ̶ 5 days). 
 
Analysis of SZ particles using TEM is not possible because of the thickness of the shell (in 
micron size). Nevertheless, TEM images of the nana-sized core (Fig. 6.4) reveal that the Pd 
particles are generally uniformly dispersed over all over the ZSM-5 core (Fig. 6.4b) compare 
to plain ZSM-5 particle (Fig. 6.4a). CO-chemisorption results show that average size particle 
of Pd/ZMS-5 is approximately 4.0 nm, yet large agglomerates of Pd with a size of 20 ̶ 30 nm 
are also observed in Fig. 6.4b. Since the typical free aperture of ZSM-5 is approximately 0.45 ̶ 
0.60 nm, active Pd are most probably existed as nanoparticles and are located on the external 
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surface of the ZSM-5 core. In addition, the metal dispersions (measured by chemisorption of 
CO) in ZSM-5, Pd/ZSM-5, SZ-1, SZ-3 and SZ-5 samples were present in Table 6.2. While 
Pd/ZSM-5 gives the highest dispersion (28.26%) of Pd, SZ-1, SZ-3 and SZ-5 with increased 
thickness of S-1 shell exhibit a significant decrease in Pd dispersion to 12.23%, 6.79% and 
3.88%, respectively. This is so because more inert (Si) surface is contributed by S-1 shell 
(compared with Pd/ZSM-5), which results in the decrease of the Pd/Si over single SZ particles, 
thus, the lower metal dispersion. This is also consistent with the ICP results that the Pd/Si ratio 
decreased as the S-1 layers built up. 
 









            Table 6.2 Metal dispersion and amount of CO adsorption on the core-shell MFI zeolite. 
Catalysts Metal dispersion (%) Adsorption amount (cm3/g) 
ZSM-5 - 0.03 
Pd/ZSM-5 28.26 0.31 
SZ-1 12.23 0.23 
SZ-3 6.79 0.14 
SZ-5 3.88 0.08 
 
The water affinity of the Pd/ZSM-5 and SZ samples were tested by immersing these samples 
in DI water as show in Fig. 6.5. Most of the Pd/ZSM-5 powders still showed well dispersed 
after 3 hours sediment, while slight deposition was found on the bottom. In contrast, SZ-3 and 
SZ-5 were found hard to disperse in the water, a clear phase was observed after 3 hours 
sediment test, which could be attributed to the hydrophobic nature of the S-1 shell, resulted in 
the high water resistance of the SZ samples. The results agreed with the literature that 
hydrophobic samples are difficult to disperse in water [19]. In addition, Fig. 6.6 shows the TGA 
results of the pretreated SZ samples in humid environment. As the S-1 shell thickness increased, 
the less water was adsorbed by the SZ samples. It is worth noting that the increasing rate of 
humidity tolerance from SZ-3 to SZ-5 is slower than that from SZ-1 to SZ-3, which is likely 
due to the growth of S-1 shell was almost approaching to the equilibrium for SZ-3 sample 
under the tested source gel conditions, resulted in less S-1 was generated during the period of 
SZ-3 to SZ-5 than S-1 to S-3. The observations are consistent with BET (Table 6.1) and SEM 




Fig. 6.5 Images of Pd/ZSM-5, SZ-3 and SZ-5 sample in water before (Left) and after 3 hours 
sediment test (Right). (Condition: 50 mg sample in 5 ml DI H2O, ultrasound for 10 mins before 
the sediment) 
 
Fig. 6.6 TGA spectra of the Pd/ZSM-5, SZ-1, SZ-3, and SZ-5 after the humidity treatment. 





6.3.2 Ethylene adsorption with pressure drop method 
Preliminary test on commercial zeolites 
The adsorption test was preliminarily processed for two standard commercial zeolites (MFI 
and BEA) with similar Si/Al ratio (Table 6.3). BEA zeolite (5.95Å) has a larger pore size than 
MFI (4.7Å), resulted in a higher BET surface area of BEA (680 m2/g) than that of MFI (425 
m2/g). Since the molecular diameter of ethylene is 4.16 Å [20], suggesting it can pass through 
both MFI and BEA porous structure without impediment. The ethylene uptake over BEA is 
around 1.3 times higher than that of MFI zeolites, which is close to the BET surface area ratio 
of BEA/MIF (i.e. 1.6) as in Table 6.3, indicating that the surface area is the key parameter that 
affect ethylene adsorption over these two types of zeolites. Pd/BEA sample with a Pd loading 
of 1.0 wt% was tested later on to check the influence of Pd on ethylene adsorption. Even though 
the surface area decreased 10% (from 680 to 611 m2/g), the ethylene uptake was greatly 
increased by 37% (from 0.317 to 0.434 mmol/g), indicating Pd doped zeolite can promote 
ethylene adsorption, which is consistent with previous study that Pd is one of best promoter 










Table 6.3 Ethylene adsorption amount on commercial zeolites and Pd-doped commercial BEA. 










10 4.7 11.5 425 0.237 
BEA  
 
12 5.95 12.5 680 0.317 
Pd/BEA 
 (1.0 wt% Pd)e 
- - - 611 0.434 
a,b According to the International Zeolite Association database. 
c,d Data are referred to SDS provided by Zeolyst International Co., except that Pd/BEA was 
measured by BET afterwards. 
e measured by ICP. 
 
Ethylene adsorption on SZ samples 
The ethylene adsorption was tested over SZ samples as shown in Fig. 6.7, plain nano-sized 
ZSM-5 core (i.e., no Pd loading) was also compared as control. Synthesized ZSM-5 has a 0.155 
mmol/g ethylene uptake, which is 1.5 times more than commercial MFI (Table 6.3; 0.237 
mmol/g), given the higher surface area of commercial MFI (Table 6.3; 425 m2/g) than 
synthesized nano ZSM-5 (Table 6.1; 326 m2/g), which is approximately 1.3 times higher, 
agreed with previous results that ethylene is positively related with surface area of the sorbents. 
In addition, the loading of Pd increased the ethylene uptake by 57 %, even though the surface 
is lightly decreased (Table 6.1, from 326 to 318 m2/g), which is consistent with the results 
observed on commercial BEA and Pd/BEA samples, confirming that Pd could significantly 
promoted ethylene uptake. Moreover, it can be clearly seen that ethylene uptake generally 
increased after the S-1 layers built up, which could be attributed to the increased surface area 
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that introduced by S-1 shell. The highest ethylene was found by SZ-3 sample, which increased 
the ethylene uptake by 2.9 times more than plain ZSM-5 zeolites, indicating the synergistic 
effect of the Pd and S-1 shell. The decreased ethylene uptake over SZ-4 and SZ-5 samples 
likely due to randomly generated S-1partilces partially blocked the porous structure of SZ 
samples, which is consistent with their decreased surface area (Table 6.1) and observation from 
SEM images (Fig. 6.3). 
 
Fig. 6.7 Ethylene adsorption of ZSM-5, Pd/ZSM-5, and SZ-X (X= 1 to 5) samples at 21 oC. 
 
Ethylene adsorption on humidity treated SZ-3 sample 
In order to further investigate the core-shell samples in a humid condition. The SZ-3 sample 
was treated in a humidity environment before transferred to the test chamber, Pd/ZSM-5 
sample without S-1 was also tested as comparison. Both of the tested samples showed 
decreased ethylene loading as shown in Fig. 6.8 The ethylene adsorption amount on Pd/ZSM-
5 showed approximately 20% decrease (from 0.244 to 0.195 mmol/g), which agreed with 
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previous study that Pd promoted ZSM-5 has less humidity tolerance than that in dry 
environment [7]. In comparison, the SZ-3 only showed a 7.6% decrease of ethylene uptake 
(from 0.449 to 0.415 mmol/g), and still showed a high ethylene adsorption ability after 5 h 
humidity treatment, suggesting the S-1 shell effectively protect the Pd and inner porous 
channels from blocking by water. The 7.6% loss of the ethylene loading on SZ-3 sample could 
be attributed to the slight defects over S-1 shell, which has also been observed by our previous 
work [9].   
 
Fig. 6.8 Ethylene adsorption of pre-treated Pd/ZSM-5 and SZ-3 samples in humid environment. 






A new type of core-shell MFI ethylene scavenger consists of a nano-sized Pd/ZSM-5 core and 
Silicalite-1 (S-1) layers with variable thickness as the shell was successfully synthesized. The 
effectiveness of the core-shell design on increasing the ethylene adsorption, particular when 
the sorbent was pre-treated under humid environment, was investigated. The core-shell S-
1/Pd/ZSM-5 with different S-1 shell thickness showed improved ethylene uptake by 219 to 
290% compared to plain ZSM-5, among which SZ-3 sample showed the highest ethylene 
loading likely due to the increased the surface area by S-1 and less generated S-1 single 
particles. Moreover, all the S-1 coated samples showed increased humidity tolerance than 
Pd/ZSM-5. SZ-3 samples still persevered 92.4% ethylene uptake after the sample was 
pretreated under humid environment for 5 h, in comparison, Pd/ZSM-5 lost 20% of the ethylene 
after the humidity treatment for 5 h time period. The improved ethylene uptake of SZ samples 
could be attributed to synergistic effect between Pd and S-1 shell. That is, Pd has a stronger 
affinity to ethylene, S-1 offers a larger surface area to the core-shell composite for adsorption 
to take place. The improved resistance to humidity of the SZ samples most likely due to the 
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Chapter 7  
























In this thesis, a systematic study has been given on zeolite modification and functionalization. 
The hierarchical and core-shell structures have been synthesized with novel features, such as 
improved catalytic activity, molecular size excluded selectivity, tunable hydrophobicity and 
hydrophilicity. The synthesized zeolites have been tested on Sonogashira coupling reaction, 
fructose dehydration to 5-hydroxymethylfurfural, alkene hydrogenation, and ethylene 
adsorption. The main findings of this study have been delineated as following:  
 
We successfully demonstrated an effective synthesis method for stacking ZSM-5 by using 
hydraulic pressing and programmed temperature calcination; this method differs from a 
traditional industrial zeolite matrix made by using binders. ZSM-5 zeolites with different 
particle sizes were modified to stacking type for comparison. The as-prepared stacking ZSM-5 
was used as a support for depositing palladium. The Pd/stacking ZSM-5 composites showed 
great improvement on Sonogashira coupling reactions that outcompete their unit counterparts, 
and they also exhibited good durability by recycling 4 runs without losing significant catalytic 
activity. This result is important to the research community of zeolite modification because it 
provides new information for increasing the activity, stability and durability of zeolite 
supported metal catalysts. Our study also optimized the preparation conditions of the 
Pd/stacking ZSM-5 catalyzed Sonogashira coupling reactions. Therefore, it gives insights into 
the design of other metal/stacking zeolites systems, especially those with potential in industrial 
liquid phase reactions. 
 
We also elucidated the roles of zeolite-solvent combination in the conversion of 
biomass-derived fructose to 5-hydroxymethylfurfural (HMF), which is the primary building 
block of the new generation of bioplastics, namely polyethylene furanoate (PEF). 
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Functionalized MFI zeolite with different particle sizes and hierarchical structures, and 
different types of zeolites (MFI, BEA, and Y) were tested in water and water/organic solvent 
systems, under 160 oC with microwave-assisted heating. The results revealed that the HMF 
yield is independent of particle size for MFI zeolites in water medium. The introduced 
secondary porosities in zeolites improved the HMF yield due to the enlarged channels. All the 
tested zeolites showed higher activities (i.e., fructose conversion, HMF yield, and HMF 
selectivity) in organic-water mixtures than water. In particular, we found that hydrophobic Y 
zeolite in DMSO/H2O medium gave the highest fructose conversion (72.4%) and HMF yield 
(49.2%). We also confirmed that strong acidity and water affinity were two important factors 
that make hydrophobic Y zeolite the most active and stable in performance. This paper is also 
supplemented by the kinetic study that shows the synergistic effect of the substrates, catalysts, 
and solvent-products interactions in the hydrophobic Y/DMSO system under microwave 
conditions. The effect of different properties of zeolite-solvent medium (e.g., micro-
/mesoporosity, acidity, and water affinity) on simultaneous pathways of fructose dehydration 
in biorefinery were presented. 
 
Furthermore, we reported a synthesis method for core-shell Silicalite-1/Pd/ZSM-5 composites. 
This core-shell structure consists of a ZSM-5 core loaded with Pd nanoparticles and a Silicalite-
1 (S-1) layer which is formed from secondary crystallization. The core-shell S-1/Pd/ZSM-5 
catalyst exhibits highly preferential selectivity to 1-hexene over cyclohexene and 1-heptene 
even though all of these three molecules are smaller than the pore size of MFI zeolite. The 
selectivity is a strong function of diffusion length given by the S-1 shell layer. This study 
provides a strategy for modifying and improving the existing hydrogenation catalysts to be 
used in industry, particularly by providing a feasible way to distinguish reactant molecules with 
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similar size and shape. More specifically, it sheds light on how selectivity in a zeolite-catalyzed 
reaction can be changed without relying on the molecular size exclusion process. 
 
Lastly, we continued the development of core-shell structured zeolites with nano-sized ZSM-
5 core and Silicalite-1 shell. The nano-sized ZSM-5 was deposited by Pd before the secondary 
crystallization of S-1 shell. The core-shell S-1/Pd/ZSM-5 showed higher ethylene adsorption 
ability than ZSM-5 due to the synergistic effect between Pd and S-1 shell, i.e., Pd has a higher 
ethylene affinity and S-1 provided extra surface. It was also found that the ethylene uptake is 
positively related to the surface area of the sorbent. Moreover, the hydrophobic nature of the 
S-1 shell gives core Pd/ZSM-5 a protective layer to humid environment, which may offer the 
advantage of long-term economic benefit and sustainability for fresh products market, due to 
most current ethylene scavengers on market are susceptible to water inhibition.  
 
7.2 Recommendations 
In this thesis, synthesis strategies for hierarchical and core-shell zeolites have been developed. 
Even though they have shown improved performance on Sonogashira reaction, fructose 
dehydration, selective hydrogenation and ethylene adsorption, the following recommendations 
can be considered for future study. 
For the stacking synthesis method, the size of the stacking units have dimensions of 
approximately 30 µm to 40 µm in the present study, smaller unit sizes (i.e., ~ 10 to 20 µm) may 
achieve even better catalytic performance due to the decreased diffusion limitation. In addition, 
the present work elucidated the performance of hierarchical zeolites synthesized from 
hydrophilic carbon black templates, other hard template sources such as cellulose and biochar 
can be considered as the hard template to synthesize hierarchical zeolites. 
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In current work, the core-shell zeolites are mainly focused on MFI type zeolites, other types of 
zeolites with different porous structures may also offer improved performance, such as BEA 
and Y zeolites, which both have bigger pores and allow bigger molecules to pass through. In 
addition, the metal loading is limited to palladium in this study, other metals can also be tried 
as the deposited material on core zeolites, such as Cu, Sn and Ag, which have a relatively high 
affinity to alkenes according to their performance in alkene hydrogenation. In particular, for 
ethylene adsorption, silver is potentially a very good alternative since it has been reported as 
showing great ethylene removal performance. Moreover, the present work demonstrated a 
strong correlation between the diffusion length and the preferential selectivity among C6/C7 

























































White solid, mp: 63-64 °C; 1H NMR (400 MHz, CDCl3) δ 7.56 – 7. 53 (m, 4H), 7.42 – 7.33 






White solid, mp: 93-95°C; 1H NMR (400 MHz, CDCl3) δ 10.04 (s, 1H), 7.88 (d, J = 8.2 Hz, 
2H), 7.69 (d, J = 8.2 Hz, 2H), 7.60 – 7.55 (m, 2H), 7.42 – 7.36 (m, 3H); 13C NMR (101 MHz, 






Yellow solid, mp: 75-76 °C; 1H NMR (400 MHz, CDCl3) δ 7.67 (dd, J = 9.0, 4.9 Hz, 1H), 7.64 
– 7.59 (m, 2H), 7.41 – 7.37 (m, 3H), 7.34 – 7.28 (m, 1H), 7.22 (ddd, J = 8.9, 7.9, 3.0 Hz, 1H); 
13C NMR (101 MHz, CDCl3) δ134.90 (d, J = 8.1 Hz), 134.17 (d, J = 8.5 Hz), 131.96, 131.66, 
129.35, 128.51, 121.89 (d, J = 22.4 Hz), 121.86, 121.31 (d, J = 25.6 Hz), 120.47 (d, J = 22.0 






Yellow oil; 1H NMR (400 MHz, CDCl3) δ 7.74 – 7.53 (m, 5H), 7.51 – 7.34 (m, 4H); 
13C NMR 
(101 MHz, CDCl3) δ 134.34, 133.96, 133.22, 132.67, 132.46, 132.14, 132.02, 129.29, 128.49, 






Yellow solid, m.p. 56-57 °C; 1H NMR (400 MHz, CDCl3) δ 7.58 – 7.46 (m, 4H), 7.35 (dt, J = 
3.5, 1.1 Hz, 3H), 6.90 (d, J = 8.9 Hz, 2H), 3.86 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 





















Fig. S1 Correlation of Si/Al ratio with total acid sites. 
 
 
